University of Rhode Island

DigitalCommons@URI
Open Access Dissertations
2019

ULTRAFAST COHERENT SPECTROSCOPIES AND LASER SOURCES
BASED ON THIRD-ORDER NONLINEAR OPTICAL PHENOMENA
Adam D. Card
University of Rhode Island, card.adam@gmail.com

Follow this and additional works at: https://digitalcommons.uri.edu/oa_diss

Recommended Citation
Card, Adam D., "ULTRAFAST COHERENT SPECTROSCOPIES AND LASER SOURCES BASED ON THIRDORDER NONLINEAR OPTICAL PHENOMENA" (2019). Open Access Dissertations. Paper 876.
https://digitalcommons.uri.edu/oa_diss/876

This Dissertation is brought to you for free and open access by DigitalCommons@URI. It has been accepted for
inclusion in Open Access Dissertations by an authorized administrator of DigitalCommons@URI. For more
information, please contact digitalcommons@etal.uri.edu.

ULTRAFAST COHERENT SPECTROSCOPIES AND LASER SOURCES
BASED ON THIRD-ORDER NONLINEAR OPTICAL PHENOMENA
BY
ADAM D CARD

A DISSERTATION SUBMITTED IN PARTIAL FULFILLMENT OF THE
REQUIREMENTS FOR THE DEGREE OF DOCTOR OF PHILOSOPHY
IN
PHYSICS

UNIVERSITY OF RHODE ISLAND
2019

DOCTOR OF PHILOSOPHY DISSERTATION
OF
ADAM D CARD

APPROVED:
Dissertation Committee:
Major Professor

Feruz Ganikhanov
David Heskett
Tao Wei
Gerhard Muller
Nasser H. Zawia
DEAN OF THE GRADUATE SCHOOL

UNIVERSITY OF RHODE ISLAND
2019

ABSTRACT

This document is composed of four different research efforts. In the first chapter
of this dissertation, I present my experimental work on seeded Yb-doped Q-switched
fiber laser based on stimulated Brillouin scattering (SBS). I began by experimenting with
different types of fiber laser cavity configurations in order to find an ideal cavity that
would successfully generate the free-running stochastic nonlinear SBS mirror as well as
to reinforce the injected light mode. Experimentally, the ideal configuration involved a
diffraction grating as the cavity back-mirror in the Littrow configuration with added
cavity losses to enhance the SBS effect. Single SBS pulses exhibited the cascaded SBS
effect and pulse width (FWHM) typically less than 2 ns. Continuous sine wave
modulated light, continuous triangular wave modulated light and a dynamic pulsed halfsine modulated light injections successfully synchronized the SBS repetition rate, and to
some degree the pulse-to-pulse intensity, to the waveform frequency. The injected
waveforms effectively seeded the SBS Q-switching mechanism and stabilized the laser
repetition rate in a novel way. Output spectrum showed the injected waveforms nearly,
but not completely, suppressed the free-running cavity modes due to fiber terminations
and the output pulse wavelength was slightly blue-shifted compared to the injection
spectrum. This was a curious result and is under further investigation.
In the second part of this work, I show experimentation regarding the resolution
of fine spectral features within several Raman active vibrational modes in potassium
titanyl phosphate (KTP) crystal. Measurements are performed using a femtosecond timedomain coherent anti-Stokes Raman scattering spectroscopy technique that is capable of

delivering equivalent spectral resolution of 0.1 cm-1. The Raman spectra retrieved from
my measurements show several spectral components corresponding to vibrations of
different symmetry with distinctly different damping rates. In particular, linewidths for
unassigned optical phonon mode triplet centered at around 820 cm-1 are found to be
7.5±0.2 cm-1, 9.1±0.3 cm-1, and 11.2±0.3 cm-1. Results of these experiments will
ultimately help to design an all-solid-state source for sub-optical-wavelength waveform
generation that is based on stimulated Raman scattering.
In the third section of this document, I demonstrate and analyze a series of
experiments in traditional and soft condensed matter using coherent optical spectroscopy
and microscopy with ultrafast time resolution. I will show capabilities of resolving both
real and imaginary parts of the third-order nonlinearity in the vicinity of Raman
resonances from a medium probed within microscopic volumes with an equivalent
spectral resolution of better than 0.1 cm-1. I can differentiate between vibrations of
various types within unit cells of crystals, as well as perform targeted probes of areas
within biological tissue. Vibrations within TiO6 octahedron and the ones for the Ti-O-P
intergroup were studied in potassium titanyl phosphate crystal to reveal multiline
structure within targeted phonon modes with closely spaced vibrations having distinctly
different damping rates (~0.5 ps-1 versus ~1.1 ps-1). I also detected 1.7-2.6 ps-1 decay of
C-C stretching vibrations in fat tissue and compared that with the corresponding vibration
in oil.
I lastly demonstrate an effective microspectroscopy technique by tracing the
(2)

dispersion of second order nonlinear susceptibility ( χ ) in a monolayer tungsten
(2)
diselenide (WSe2). The χ dispersion obtained with better than 3 meV photon energy

resolution showed peak value being within 6.3-8.4×10-19 m2/V range. I estimate the
(2)
fundamental bandgap to be at 2.2 eV. Sub-structure in the χ dispersion reveals a

contribution to the nonlinearity due to exciton transitions with exciton binding energy
estimated to be at 0.7 eV.
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PREFACE

The goal of this work is to develop and construct a novel Q-switched fiber laser
based upon stimulated Brillouin scattering (SBS) as a Q-switching mechanism, to apply
ultrafast coherent spectroscopy techniques based upon third-order nonlinear optical
phenomena and to study second-harmonic generation of an atomically thin crystal
sample. All work presented in the body of this document was performed at the
University of Rhode Island.
This dissertation is written in the ‘Manuscript Format’ using the
Thesis/Dissertation template of the University of Rhode Island. This document will
include four chapters. Each chapter corresponds to a manuscript that has been previously
published, accepted for publication or soon to be submitted. The figures of each
manuscript are listed under the corresponding chapter on the list of figures. Two
appendices have been included for ancillary information on the background of the work
presented and the experimental methods used in all contained research efforts.

The results of our studies presented in this document were published or are soon to be
published in four papers:
1. A. Card and F. Ganikhanov, “Seeded Yb-doped Q-switched fiber laser based on
stimulated Brillouin scattering (SBS),” OSA Continuum. Soon to be submitted.
2. A. Card, M. Mokim and F. Ganikhanov, “Resolving fine spectral features in
lattice vibrational modes using femtosecond coherent spectroscopy,” AIP
Advances 6, 025115 (2016).
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3. A. Card, M. Mokim, F. Ganikhanov, “Quantitative ultrafast spectroscopy and
microscopy of traditional and soft condensed matter,” Applied Sciences 8, 1317
(2018).
4. M. Mokim, A. Card, B. Sah, F. Ganikhanov, “Dispersion of the resonant second
order nonlinearity in 2D semiconductors probed by femtosecond continuum
pulses,” AIP Advances 7, 105121 (2017).
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Q-switched fiber lasers which make use of stimulated Brillouin scattering (SBS)
as a passive Q-switching mechanism have been the focus of a significant amount of
research efforts and development since their inception in 1997 [1]. In fact, as of the
writing of Ref. 2 in 2017, the amount of research papers published under the topic
‘Stimulated Brillouin’ was a total of 4,243 papers [2]. SBS based Q-switched (SBS-QS)
fiber lasers have displayed a novel ability to compress Q-switched pulses to less than a
few ns pulse width (FWHM) as well as high-peak-power, often in excess of 10 kW,
which are several orders of magnitude narrower and greater, respectively, than pulses
generated by conventional Q-switched fiber lasers [1, 3-8]. The addition of Yb-doped
double-clad fiber (DCF) to SBS-QS fiber laser models has been pivotal in the
advancement of high-power fiber lasers. Cladding pumping due to Yb-doped DCF
technology allows for high-power broad stripe, relatively cheap laser diodes to be
coupled into active fiber with superior launching efficiency. High-intensity light confined
within the single-mode, Yb-doped core due to cladding pumping allows for SBS-QS fiber
lasers to easily reach power thresholds of various nonlinear effects, such as low-threshold
SBS. The combination of cladding pumping and Q-switching allows for high-energy,
high-peak-power, short pulse emission in regular or irregular self-pulsing regimes [7-11].
These types of fiber lasers have proved to be very beneficial in the field of medicine,
industrial processing, range finding, and remote sensing, as well as in applications such
as LIDAR [4].
Of course, utilizing SBS as a Q-switching mechanism comes with a few
considerable drawbacks. In single-mode fiber (SMF), SBS is due to stochastic thermal
noise fluctuations within the medium density of the fiber [12] with the driving optical
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field being random superposition of laser modes in the cavity. The noise source
constituting these thermal fluctuations in the medium density, known as the Langevin
noise source, is assumed to be a Gaussian random variable with zero mean and is δcorrelated in space and time. In short, output laser characteristics in SBS-QS fiber lasers,
unless externally controlled, are strongly affected by an initial distribution of laser modes
in the cavity and by thermal noise. Because of this characteristic, the output pulse train
of SBS-QS fiber lasers has considerable repetition rate instability and corresponding
pulse-to-pulse intensity fluctuations. It has been shown experimentally that the spacing
between adjacent Stokes pulses can vary greatly. In some cases, the variance of the
repetition rate in SBS-QS fiber lasers was found to be ~20% of the period
[14]. Additionally, the intensity of the Stokes output has been shown to exhibit 100%
temporal fluctuations in the sense that the normalized standard deviation of the pulse
intensity is equal to unity [13].
A considerable amount of experimental and theoretical efforts have been
undertaken in order to enhance SBS-QS fiber laser output as well as to overcome its
glaring deficiencies. Enhancements of the actual fiber cavity design itself have been
numerous. Fiber Bragg gratings (FBG) spliced onto the back end of active fiber cavities
have been used in order to introduce narrow spectrum feedback in an effort to more
efficiently generate SBS (in the case of an Yb-doped DCF core, the back-reflected light
being approximately 1.06 µm wavelength) [8, 11, 16, 18]. Often in experimental setups,
several tens of meters of passive fiber are spliced to the active fiber in order to enhance
the distributed backscattering SBS effect or, in some cases, the passive fiber itself served
as a back mirror utilizing narrow-spectrum Rayleigh scattered light to retro-reflect back
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into the active fiber [1, 4, 6, 16-17]. There have also been studies using a 10/90 coupler
in the form of a Rayleigh-stimulated Brillouin scattering ring interferometer. The ring
interferometer acts as a spectrally-selective resonating energy source which enhances a
cavity mode until it reaches SBS threshold, successfully generate nanosecond pulses,
much shorter than the round-trip time of the fiber resonator length [14, 18]. External Qswitching mechanisms, typically in the form of acousto-optic modulators (AOM) or
Cr4+:YAG saturable absorbers (SA), have been added to the all-fiber cavity design as well
in order to enhance SBS giant pulse peak-power and to stabilize the repetition rate by
forcing SBS initiation by increasing HR feedback once the fiber is inverted to a high
level [3-6, 15, 19]. In addition to adjustments in laser cavity design, SBS-QS repetition
rate has been stabilized experimentally using a pulsed pump laser diodes [7, 20] and, in
the case most relevant to our current work, by externally injecting square-wave
modulated light into the fiber cavity [14]. The latter study showed great success in
developing a novel method of gain control in SBS-QS fiber lasers, drastically improving
repetition rate variance from about 20% of the period to about 1% of the period [14].
For sufficiently intense incident light, with a spectral width within a few tens of
MHz, a nonlinear SBS mirror can be efficiently generated in single-mode fiber. The SBS
mirror produces fast transient backscattered Stokes feedback and can convert more than
80% of incident intensity into the narrow Stokes pulse intensity [23].
Our current study aims to improve upon previous experimental stabilization
efforts by injecting periodic waveforms into the fiber cavity that will govern the
nonlinear SBS mirror and the Q-switching effect. The externally seeded optical mode
with optimized parameters (i.e. amplitude and bandwidth) is expected to significantly
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suppress the stochastic nature of laser generation and initiation of the SBS effect that is
behind the Q-switching mechanism in this type of laser. In other words, the optimized
optical mode seeded is expected to control initial laser dynamics that yields in a stable
output pulsed train synchronized to the frequency of the seeded waveform in each cycle
of Q-switched pulse generation. Figure 1.1 (a) shows the theoretical interpretation of our
current experimental investigation. The 1064nm waveform with frequency ωL (orange),
is injected into the core of highly inverted Yb-doped DCF. The waveform is amplified as
it traverses the inverted fiber until its intensity reaches the SBS threshold. At this point,
the nonlinear SBS mirror is generated where the acoustic sound wave (grey) has driven
frequency Ω and the backscattered Stokes wave (red) has a downshifted frequency (ωLΩ). If the active fiber is pumped above transparency level (for small signal gain) and
there is sufficient cavity feedback, a waveform single passing through the gain fiber with
sufficient length can at the same time generate a Stokes mode/pulse that can in turn
generate an efficient nonlinear SBS mirror. This can further create a subsequent Stokes
ordered pulse propagating in the opposite direction. This process, known as the cascaded
SBS effect, is depicted in Figure 1.1 (b) and typically generates Stokes orders until the
population inversion is essentially depleted.
The experimental setup is shown in Figure 1.2. Our experiment has two primary
aspects, the SBS laser configuration and the injection setup. The SBS laser is pumped by
a 976 nm pump laser diode (EM4) with a pump power up to 5W (blue). The pump light
passes through a dichroic mirror and is coupled into the active Yb-fiber. The active fiber
(Thorlabs) is ~6.2m Yb-doped DCF with a core diameter of 6µm and an absorption
coefficient of ~2.4 dB/m near 976 nm wavelength. The inner cladding has a diameter of

5

125µm and is in the PANDA polarization-maintaining geometry. Both ends of the fiber
had perpendicular termination which made a 4% Fresnel reflection feedback at either end
of the fiber. This type of fiber termination is not ideal, however we did not have the
equipment necessary to perform angle cleaves on double-clad fiber. The front end of the
PANDA fiber was rotated to align the slow-axis of the fiber cross section with the
vertical polarization of the injected light (Figure 1.2 inset). This maximized the
effectiveness of the injection. The back end of the cavity was composed of a diffraction
grating in the Littrow configuration whereby the 1064nm injected mode was spectrallyselected to reflect back into the active fiber while other free-running SBS lasing modes
were scattered and did not propagate back into the fiber. A variable attenuator was added
to the fiber cavity to suppress feedback and enhance the SBS generation.
The injection setup begins with a 1064nm seed DBR laser diode (EM4) with an
output power of 150mW and spectral width 10 MHz that is fiber coupled into the MachZehnder (MZ) modulator (EOSpace). The MZ modulator has a 3.0 dB insertion loss,
bias Vpi of 1.9 V and an extinction ratio of 25 dB. The RF signal is driven by an
arbitrary function generator (Tektronix) and there is a DC Bias voltage set at the
quadrature (half-max) point. This allows for many different types of waveforms to be
generated with variable frequency and period. Light leaves the MZ modulator, exits a
fiber collimator and passes through a two-lens telescopic system to narrow the beam
waist. The light then exists through a free-space isolator (OFR) with an ~2.7 mm max
beam diameter with up to 44 dB isolation. The injection light (orange) passes through a
50/50 beamsplitter and half of the light goes to measurement and the other half is coupled
into the active fiber. Non-absorbed injection light is then reflected back into the fiber
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cavity by the diffraction grating in Littrow configuration. Measurement of the injection
light is composed of a power meter (Newport), an optical spectrum analyzer (Anritsu,
0.05 nm maximum resolution), a photodetector (Thorlabs, 150 MHz bandwidth) coupled
into an oscilloscope (Tektronix, 350 MHz bandwidth). The SBS laser output (red) passes
through the beamsplitter and is measured by the same power meter and optical spectrum
analyzer as mentioned previously, as well as a fast photodetector (Thorlabs, 5 GHz
bandwidth) fiber coupled into the oscilloscope. This allows for both the injected
waveform and the SBS lasing pulse train to be viewed on the oscilloscope at the same
time. The resolution of the fast photodetector/oscilloscope combination allows for a
maximum 1 ns rise time measurement of individual SBS pulses.
We began by experimenting with the type of back mirror in the fiber laser
configuration in order to get a free-running stochastic SBS lasing effect which very
clearly showed characteristic repetition rate and intensity fluctuations in the fiber laser.
Initially, we choose to use an HR mirror as the back mirror of the cavity (Figure 1.3).
With a low pump power of 433 mW, the oscilloscope trace in Figure 1.3(a) shows
evidence of self-pulsing relaxation oscillations. As the pump power increases in pump
power shown in Figure 1.3 (b)-(d), the oscilloscope trace shows that the HR feedback is
far too large to allow for the transient dynamics of SBS and we see an output of mostly
CW lasing and no evidence of SBS. Output power for the HR mirror configuration is
shown in to have a somewhat linear relationship with the pump power (see Figure 1.4
(a)). The spectrum output for low pump (Figure 1.4(b)) shows a few spectral components
with maximum gain at 1075nm wavelength. As the pump power increases (Figure 1.4
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(c)), the output spectrum shows a broad spectral cluster for CW lasing from
approximately 1073nm to 1081nm with a largest gain at approximately 1075nm.
We then decided to block the HR mirror in the cavity completely, allowing the
two perpendicularly cleaved fiber terminations with corresponding 4% Fresnel reflection
as the only source of cavity feedback. The oscilloscope traces with this bare-fiber cavity
configuration with varying pump power is shown in Figure 1.5. For relatively low pump
power 762 mW (Figure 1.5 (a)), we see some self-pulsing relaxation oscillations and as
the pump power increases to 1.08 W (Figure 1.5 (b)), the relaxation oscillations increase
in amplitude and repetition rate. As the pump power exceeds ~1.3 W, seen in Figure 1.5
(c), the relaxation oscillation pulses have collapsed into SBS pulses. We call this pump
power level the SBS threshold. We see in this image the narrow, high-peak-power
Stokes pulses with the instability in repetition rate and pulse-to-pulse intensity. As the
pump power far exceeds the SBS threshold (Figure 1.5 (d)), the repetition rate of the SBS
pulses increases by a factor of 2.
Figure 1.6 shows the output of the free-running SBS laser with the bare-fiber
cavity configuration. In Figure 1.6 (a), we see the output power as a function of the pump
power. Before the pump power reaches SBS threshold (~1.3 W), we see the pre-SBS
lasing linear relationship and when the pump power exceeds the SBS threshold, the slope
of the linear relationship corresponding to SBS increases significantly. Figure 1.6 (b)
shows the output spectrum for pump power 954 mW, less than threshold. In this image
there are a few spectral components where the largest gain corresponds to approximately
1072 nm. As the pump power increases past threshold in Figure 1.6 (c), the output
spectrum shows several different spectral components with relatively high gain values
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but the maximum gain value is still approximately corresponding to 1072 nm. This
image shows that SBS pulsing exhibits unstable wavelength lasing patterns that our
injection experiment will ultimately stabilize.
Because the highest gain during free-running SBS lasing in the bare-fiber cavity
configuration is at approximately 1072 nm, we encountered an experimental difficulty.
The central wavelength of our injected light was approximately 1064.6 nm, as shown in
Figure 1.7 (a), which did not line up with the wavelength of the largest gain for freerunning SBS. That being the ideal condition for the effectiveness of the injection. We did
not have the equipment required to tune the injection wavelength to match that of the
highest free-running gain. The broad spectrum of ytterbium is shown in the ASE
spectrum for pump power slightly above lasing threshold in Figure 1.7 (b). In this image,
the dotted blue vertical line represents 1072 nm wavelength of the highest gain and the
dotted red vertical line represents the center wavelength of the injected light. This
problem was resolved because ytterbium is homogenously broadened and therefore, if we
inject with sufficiently high intensity, other free-running SBS modes will be completely
suppressed. To test this idea, we injected CW light with varying loss and detected the
output spectrum using a partial mirror as the cavity back mirror. In Figure 1.8 (a), the
CW injection had a very high loss and the injected 1064nm CW light is slightly more
intense than the free-running SBS lasing modes. As the CW injection loss decreases (as
shown in Figure 1.8 (b) and (c)), the CW injection spectrum almost completely
suppresses the free-running modes. This is an indication that even though we cannot line
up the wavelength of the injection and the wavelength of the largest gain, if we inject
with sufficient intensity we can still drown out the other free-running SBS modes.
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In order to maximize the effect of the injection, we installed a diffraction grating
that will provide wavelength dependent feedback (analogous to a fiber Bragg grating).
The grating is 1200 lines/mm and is used in the Littrow configuration at an angle that
favors the diffracted mode being at a wavelength that matches as precisely as possible the
wavelengths of the seeded optical mode. Figure 1.9 shows the oscilloscope traces for the
Littrow configuration with varying pump power. Figure 1.9 (a) shows self-pulsing
relaxation oscillations with a low pump power of 824 mW. As the pump power was
increased from 824 mW to 1.08 W (Figure 1.9 (b)), the relaxation oscillation mode grows
with no indication of its development into short-pulse mode due to SBS Q-switching.
The laser dynamics are entirely affected by CW mode generation that depletes the optical
gain. As the pump power is increased further to 1.47 W then to 1.84 W, shown in Figure
1.9 (c) and (d), the relaxation oscillation self-pulsing is further amplified and the
repetition rate increases further and some SBS pulses are seen. The transient dynamics of
SBS are not seen clearly for this configuration so a variable attenuator was added to the
fiber cavity to introduce cavity losses and enhance the SBS lasing effect. Figure 1.10 (a)
shows two distinct linear relationships for the output power as a function of pump power.
The output spectrum, shown in Figure 1.10 (b), shows a tuned mode at approximately
1066nm which completely suppresses all other free-running modes (1072nm – 1074nm).
Figure 1.10 (c) shows the tuned output spectrum between 1066nm to 1066.5nm.
Figure 1.11 shows the oscilloscope traces for free-running SBS lasing effect with
Littrow configuration and cavity losses added. For low pump power 824 mW in part (a),
we see relaxation oscillation self-pulsing and as the pump power increases to 1.08 W in
part (b), those relaxation oscillation pulses clearly increases in amplitude and repetition
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rate. As the pump power increases past SBS threshold (~1.3 W), as shown in Figure 1.11
(c), the SBS mode is favored (i.e. experiencing more gain than CW) and several different
Stokes pulses are evident. As pump power increases further to 1.84 W, as shown in
Figure 1.11 (d), we see an oscilloscope trace composed entirely of Stokes pulses with
varying pulse-to-pulse intensity and unstable repetition rate. This cavity configuration
was deemed suitable for our experimental purposes.
The output measurements for the free-running SBS with the Littrow configuration
with cavity losses are shown in Figure 1.12. In Figure 1.12 (a), the output power as a
function of pump power shows two clear linear regression lines. For pump power values
less than SBS threshold (~1.3 W), we see a linear relationship for pre-SBS lasing and as
the pump power exceeds threshold, we see a significantly larger slope corresponding to
SBS lasing. In Figure 1.12 (b) and (c), the output spectrum is shown with a broad span
and a narrow span, respectively, for a pump power greater than threshold. We see in
these spectra the tuned wavelength reinforced by the diffraction grating in the Littrow
configuration at ~1066 nm which is significantly less intense than the free-running SBS
modes as a result of the added cavity losses.
Figure 1.13 shows the single SBS pulses in the free-running SBS regime prior to
injection. In Figure 1.13 (a) and (b), we see a single SBS pulse in the bare-fiber
termination configuration where a single SBS pulse is visible with two smaller sub-pulses
due to the Fresnel reflection off of the perpendicular termination. Indeed, with a fiber of
length ~6.2m the round trip time is approximately 61 ns. Part (b) shows the SBS pulse
width (FWHM) to be less than 2 ns (keeping in mind the 1 ns rise time limitation of our
oscilloscope setup). Figure 1.13 (c) and (d) show the single SBS pulse for the diffraction
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grating and cavity losses configuration. Part (c) shows a cascaded SBS effect with 5 or 6
Stokes pulses evident and part (d) shows that the Stokes pulse has <4 ns pulse width
(FWHM). This is a curious result, as we were expecting a pulse width <2 ns. We believe
this is because of the fluctuating pulse measurements due to the stochastic SBS pulse
generation.
The first type of waveform injection experimented with was a continuous sine
wave modulated light with a frequency of 160 kHz. Figure 1.14 (a) and (b) shows the
oscilloscope traces with the sine wave injection (blue) and the Stokes pulses (yellow).
The output pulse train shows the SBS repetition rate is largely synchronized to the
frequency of the sine wave modulated light injection. Figure 1.14 (c) and (d) depicts a
single SBS pulse with the sine wave injection. Figure 1.14 (c) shows a cascaded SBS
effect with 3 or 4 Stokes orders, however it is far less pronounced than the cascaded SBS
effect for the free-running SBS Littrow configuration with loss shown in Figure 1.14 (c).
Figure 1.14 (d) shows an SBS pulse width (FWHM) of <2 ns.
The output measurements for the sine wave modulated light injection are shown
in Figure 1.15. The output power as a function of pump power shown in Figure 1.15 (a)
identifies two distinct relationships. For pump power less than threshold (~1.1 W), there
is a quadratic relationship and then after threshold is achieved, the characteristic linear
relationship is observed for SBS lasing. This implies that the sine wave undergoes
amplification due to double-passing through the inverted fiber until it has an intensity
large enough to seed the SBS mechanism itself. For all pump powers in excess of this
value, the sine wave seeds the SBS process excluding thermal noise initiation. Figure
1.15 (b) and (c) shows the output spectrum. Figure 1.15 (b) shows that the ~1064 nm
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spectrum does not completely suppress the modes due to termination at ~1074 nm as we
would have hoped. We did not have amplifier equipment to properly amplify the
injection enough to completely suppress the approximately 1074 nm modes. Figure 1.15
(c) shows a very curious result. The output spectrum (blue line) has a slight blue-shifted
wavelength compared to the injection spectrum (dotted red). This implies the output
frequency has increased seemingly indicating anti-Stokes pulse generation instead of
Stokes pulse generation. The top of the output pulse in Figure 1.15 (c) also shows
evidence of several Stokes orders but the spectrum analyzer has a max resolution of 0.05
nm and we cannot detect the exact shape. We are currently looking into this unusual
effect.
The second type of waveform we experimented with was a continuous triangular
wave modulated light with a frequency of 130 kHz. Figure 1.16 (a) and (b) show the
oscilloscope traces of the typical pulse train corresponding to the triangular wave
modulated light injection. The SBS pulse (yellow) repetition rate is completely
synchronized to the frequency of the injection (blue). Figure 1.16 (c) and (d) show a
single SBS pulse for the triangular wave injection. The single SBS pulse shows a
cascaded SBS effect with a few Stokes orders but is not as pronounced as the freerunning SBS grating and losses configuration shown in Figure 1.11 (c). Figure 1.16 (d)
shows the pulse width (FWHM) in the presence of the triangular wave injection to be <2
ns.
The output measurements for the continuous triangular wave modulated light
injection are shown in Figure 1.17. Figure 1.17 (a) shows the output power as a function
of the pump power. We see two very distinct relationships here. For pump power less
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than threshold (~1.2 W), we see a quadratic relationship and for pump power greater than
the threshold, see a linear relationship that is characteristic of SBS lasing. We believe
this is due to the triangular wave becoming amplified as it double-passes the inverted
fiber until it is sufficiently amplified to seed the SBS mechanism. We also think that the
bandwidth of the injected mode is better matched to seed the power into intrinsic cavity
modes that are further amplified and serve as an efficient driving field for the SBS effect.
Figure 1.17 (b) shows the injection intensity is nearly large enough to completely subdue
the lasing modes at ~1074 nm and is more effective at suppressing these modes than the
sine wave injected light. If we had a pulse amplifier we could completely suppress these
extraneous modes but this was not available to us. Figure 1.17 (c) gives a very similar
curious result as we have seen in the sine wave injection output. The output pulse (blue)
has slightly blue-shifted wavelength relative to the injected spectra (dotted red). We
would have expected a larger wavelength, as is indicative of a Stokes order, and this
result seems to indicate that the output is due to an anti-Stokes reaction. We also see
several Stokes orders in the peak of the output pulse but we can only make out 0.05 nm
maximum resolution from our spectrum analyzer. We are currently looking into this
result. A high spectra resolution Fabry-perot etalon is needed to study this effect.
The last type of waveform that showed success was an inverted half-sine wave
with periodic CW lasing between half-sine waves. The half-sine width (frequency) was
160 kHz and CW lasing with a 15 µs period. This dynamic waveform was made so that
the stretch of CW lasing was long enough to deplete the population inversion between
SBS pulses by cross gain modulation and to suppress spontaneous Brillouin scattering.
The half-sine wave was then made narrow enough to be the exact amount of time it takes
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for SBS to be generated. This injection was used with the bare-fiber termination cavity
configuration prior to the addition of the diffraction grating. By making these
adjustments to this dynamic waveform, we were able to synchronize the SBS repetition
rate to the waveform frequency, as seen in Figure 1.18 (a) and (b). Figure 1.18 (c) and
(d) show the individual SBS pulse with this injection. We see in Figure 1.18 (c) that
there is one Stokes pulse and two sub-pulses due to Fresnel reflection at fiber
termination. The Stokes pulse is <2 ns pulse width (FWHM) as shown in Figure 1.18 (d).
Figure 1.19 shows the output measurements for the half-sine modulated light
injection. Figure 1.19 (a) shows the output power as a function of the pump power. It is
obvious that the power-power data have at least two distinct slopes that can be explained
as a strong interference between SBS lasing at seeded (1064.6 nm) and lasing wavelength
corresponding to higher gain (~1072 nm). The SBS threshold is larger than the threshold
values corresponding to the previous two waveforms due to the addition of the grating.
Figure 1.19 (b) shows the output spectrum (~1064 nm) nearly suppressing the
termination modes at ~1074 nm. Figure 1.19 (c) shows the blue-shifted output pulse
(blue), with what appears to be Stokes orders on its peak that cannot be made out due to
the maximum resolution of the spectrum analyzer, compared to the injection spectrum
(dotted red). This result was unexpected and we are currently looking into it further but
is important to note that this effect is not due to the grating tuning as this configuration
did not include the grating.
In conclusion, we have displayed a novel method of stabilizing the repetition rate
instability by seeding the SBS pulses with a periodic waveform. We chose a cavity
configuration with a diffraction grating in the Littrow configuration with cavity losses in
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order to maximize the effectiveness of the injection and simultaneously enhancing the
generation of the SBS pulsing effect. Injections of continuous sine wave modulated light,
continuous triangular wave modulated light and half-sine wave pulse modulated light
injections successfully synchronized the SBS repetition rate to the waveform frequency
and seeded the SBS mechanism for pump power greater than the threshold values. This
project is ongoing and requires more funding and equipment in order to investigate
further.
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Figure 1.1: Theoretical interpretation of study: (a) 1064 nm waveform (orange) is
injected into inverted fiber and is amplified to SBS threshold as it passes through the
fiber generating the nonlinear SBS mirror. Acoustic sound wave is in grey and Stokes
light is in red; (b) The cascaded SBS effect is shown where multiple Stokes orders exist
creating acoustic sound waves (grey) at either end of the double-clad fiber.
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Figure 1.2: Experimental setup. MZ: Mach-Zehnder; ISO: isolator; VA: variable
attenuator; PM: power meter; OSA: optical spectrum analyzer; BS: 50/50 beamsplitter;
LD: laser diode; DM: dichroic mirror; AL: aspheric lens; TM: transverse magnetic.
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Figure 1.3: Oscilloscope traces of free-running SBS with HR mirror configuration with
varying pumpo power. (a) Pump power 433 mW (b) Pump power 1.08W (c) Pump power
1.4 W and (d) Pump power 1.84 W.

Figure 1.4: Output measurements for the HR mirror cavity configuration: (a) Output
power as a function of pump power (b) Output spectrum for low pump power 433mW (c)
Output spectrum for high pump power 1.84W.
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Figure 1.5: Oscilloscope traces of free-running SBS with bare-fiber cavity configuration
with varying pump power. (a) Pump power 762 mW (b) Pump power 1.08 W (c) Pump
power 1.4 W (d) Pump power 2.03 W.

Figure 1.6: Output measurements for the free-running SBS lasing with the bare-fiber
cavity configuration. (a) Output power as a function of pump power (b) Spectral output
for pump power 954 mW (c) Spectral output for pump power 1.72 W.
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Figure 1.7: (a) Injection spectrum (b) ASE spectrum slightly above threshold, 1064 nm
(dotted red), 1072 nm (dotted blue).

Figure 1.8: Output laser spectra with CW injection and partial mirror with varying losses:
(a) maximum loss (b) moderate loss (c) minimum loss.
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Figure 1.9: Oscilloscope traces in the Littrow configuration: (a) Pump power ~824 mW
(b) Pump power ~1.08W (c) Pump power ~1.47 W (d) Pump power ~1.84 W.

Figure 1.10: Output measurements for the Littrow configuration configuration: (a) Output
power as a function of pump power (b) Output spectrum wide span at pump power 2.1W
(c) Output spectrum narrow span at pump power 2.1W.
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Figure 1.11: Oscilloscope traces for Littrow configuration with cavity losses: (a) Pump
power ~824 mW (b) Pump power ~1.08W (c) Pump power ~1.47 W (d) Pump power
~1.84 W.

Figure 1.12: Output measurements for the free-running SBS with grating with cavity
losses. (a) Output power as a function of pump power (b) (c) Output spectra for pump
greater than threshold.
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Figure 1.13: Details of the SBS single-pulse shape without injection: (a) (b) Bare-fiber
termination configuration (c) (d) Littrow configuration with loss.

Figure 1.14: Oscilloscope traces for sine wave modulated light injection. (a) (b) Typical
output pulse train sine wave injection (blue) and SBS pulses (yellow). (c) (d) Individual
SBS pulses with sine wave injection.
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Figure 1.15: Output measurements for continuous sine wave modulated light injection.
(a) Output power as a function of pump power (b) (c) Output spectrum (blue) injection
spectrum (dotted red).

Figure 1.16: Oscilloscope traces for the continuous triangular wave modulated light
injection. (a) (b) Typical pulse train. (c) (d) Single SBS pulse with injection.
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Figure 1.17: Output measurements for the triangular wave modulated light injection. (a)
Output power as a function of pump power (b) (c) Output spectrum (blue) and injection
spectrum (dotted red).

Figure 1.18: Oscilloscope traces for half-sine modulated light injection. (a) (b) Typical
pulse train with injection (blue) and SBS pulses (yellow) (c) (d) Individual SBS pulses.
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Figure 1.19: Output measurements for the half-sine pulse modulated light injection. (a)
Output power as a function of pump power (b) (c) Output spectrum (blue) and injection
spectrum (dotted red).
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Precise information on fine structure and decay of Raman active modes is
essential from both fundamental and device applications point of views. Time-domain
studies provide direct information on decay and dephasing processes for vibrational
modes and, for solid-state media, provide most valuable information as concerned
parametric phonon interaction due to deformation potential anharmonicity. In frequency
domain, dispersion of the corresponding nonlinear optical susceptibility is an essential
characteristic in order to get an insight into physics of intra- and interatomic groups
interactions. In this paper we focus on an important nonlinear optical gain material that is
used both as intracavity and external gain material in multi-wavelength laser devices. The
attention has recently grown due to possible applications of efficient frequency
converters in generating phase-locked frequency combs for attosecond waveform
generation. Potassium titanyl orthophosphate KTiOPO4 (KTP) is a widely known optical
material that is particularly attractive for nonlinear optical applications. Because of its
high nonlinear optical coefficient and its optical and mechanical stability, the crystal is
used in laser sources as an optical frequency converter. Its large electro-optic coefficient,
low dielectric constant and ion exchange properties also make it suitable for electro-optic
[1] and waveguided laser devices [2]. The crystal was previously shown to be an efficient
source for multi-wavelength pulse generation via stimulated Raman scattering (SRS)
[3,4] or as a combination of SRS and efficient second order frequency conversion [5].
Renewed interest came with recent SRS experiments on high-frequency crystal vibrations
that promised a pathway towards a solid-state sub-optical-cycle waveform source [6-8].
In other words, materials with high second and third order nonlinearity associated with
several Raman active vibrations at high frequency range are of interest from the
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standpoint of generating a frequency comb that would ultimately support attosecond
waveforms [9]. Knowledge of key properties of lattice vibrations is thus important in the
light of the applications of this material as a nonlinear gain (of both second and third
order) medium.
KTP’s vibrational spectra are quite complex. The spectra consist of about 100
Raman active peaks as a result of the crystal’s multiatomic unit cell. The complexity
makes it difficult to perform comprehensive and unambiguous phonon line assignment, to
precisely measure bandwidth and separation of individual Raman active peaks, as well as
to estimate Raman cross-section for each individual phonon line. Even though the
material has been known for more than three decades, detailed spectroscopic studies on
its Raman active vibrations are relatively scarce [10-12]. The performed studies helped to
elucidate contributions to Raman and infrared spectra from major atomic units within the
primitive cell, as represented by TiO6 octahedra and PO4 tethrahedra. Also, important
details concerning line assignments and their major characteristics were provided by the
studies. However, the information ultimately proved to be contradictory and detailed
spectral features of some peaks were not provided by these experiments. In particular, the
first comprehensive Raman study of KTP [10] assigned peaks at around 818 cm-1 to the
ν1 symmetric stretching mode within slightly distorted PO4 tetrahedra simply due to the
fact that the line does not show up in the infrared reflectivity spectra. There are either two
or three components spaced apart by approximately 16-40 cm-1 with linewidths within the
15-25 cm-1 range, depending on the vibrational mode symmetry. Another study
characterized Raman peaks in the vicinity of 800 cm-1 as most likely belonging to TiO6
octahedra vibrational modes of different symmetry, providing mode separations within
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11-38 cm-1 and the linewidth range of 9.2-16.4 cm-1 [11]. A study that followed later
stated that the Raman line detected at ~830 cm-1 is an intergroup (Ti-O-P) vibration, but
provided no details on the detected linewidths and separations for the different peaks
[12].
At room temperature, the Raman spectroscopy of KTP has also been investigated
from 10 to 1400 cm-1 [13-14] and also studied as a function of high pressure revealing the
existence of two additional phase transitions near the critical pressures of 5.5 and 10 GPa
[15]. Temperature dependent Raman scattering were studied [16-17] and found that no
phonon mode coalesces to central peak near Tc and reported it as a sign of damped soft
mode [16]. A study on polarized Raman spectra showed strongest phonon line located at
234 cm-1 [18]. It is worth mentioning that no experimental or theoretical study can be
found which addresses phonon dispersion properties or mechanisms for phonon line
decay. As was mentioned above, there is a motivation for a more detailed
characterization of phonon vibrations in the material in the light of a search for an
efficient solid-state media for a sub-optical-waveform source. Indeed, the crystal
possesses several high-scattering cross-section phonon modes within energy range of
200-1000 cm-1. The modes are conveniently spaced apart so that generation of a
frequency comb, via SRS with intrinsically phase-locked spectral components, would
provide multi-octave bandwidth to support sub-femtosecond pulses.
In this work, we present data on the decay of some of the KTP crystal phonon
modes within 640 - 850 cm-1. We reveal the fine structure of the vibrations by retrieving
the vibrational system’s response function and Raman spectra. Our data provide details
on the crystal’s complex vibrational spectra supported by important quantitative results.
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The data obtained for an unassigned vibrational mode at 820 cm-1 supports the conclusion
that the modes decay noticeably slower when compared to high-frequency modes
originating from vibrations of the main TiO6 or PO4 atomic groups. We attempt to
explain our linewidth results within the framework of parametric phonon interaction due
to the deformation potential anharmonicity.
Time-domain CARS spectroscopy is a valuable tool that enables probing the
dynamics of elementary excitations in condensed matter. This technique monitors in time
a degree of coherence within the lattice or molecular vibrations created by two ultrashort
optical pulses at an earlier moment of time. Tracing the net coherence provides
information on characteristic relaxation and dephasing processes. In our studies, we
employed three-color CARS geometry with widely tunable 110-150 fs pulses [19,20].
The experimental set up is schematically shown in Figure 2.1. The two pulses that are
needed to coherently drive lattice vibrations within a sample’s macroscopic volume are
provided by synchronously pumped optical parametric oscillators (OPOs) running at 76
MHz. The OPOs utilize high parametric gain periodically poled lithium tantalate
(PPSLT) crystals. The OPOs were simultaneously pumped by a split output of a highpower mode-locked Ti:sapphire oscillator tuned to 765 nm. Detailed OPO characteristics
and performance were reported in our recent publications [21,22]. The OPOs with pulsed
outputs at 970-1020 nm and 1050-1100 nm, served to coherently drive lattice vibrations
with energies within 600 - 990 cm-1. Another small part of the Ti:sapphire oscillator was
delayed and served as a probe pulse. All of the three pulses were intrinsically
synchronized, made to overlap in space, and focused by a high numerical aperture
(NA~1.25) objective lens. In the detection arm, we used a high numerical aperture
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(NA~0.9) condenser followed by a diffraction grating and a set of bandpass filters. This
permitted efficient detection of the signal of interest on the background of other signals
generated within the focal volume. A photomultiplier tube (PMT) with high gain and
quantum efficiency (Hamamatsu model #R10699) was used to detect anti-Stokes signal
photons at selected wavelengths. The PMT current output was digitized by a high-speed
data acquisition card. Using this experimental arrangement, we can routinely detect
CARS signals versus probe pulse delay times within five decades. The corresponding
total power on the sample from the three beams does not exceed 15 - 20 mW. Other
details and characteristics of the set up are described in our most recent work [20]. Figure
2.2 (a) demonstrates sensitivity and the attainable time resolution using the experimental
arrangement. In addition, using theoretical algorithms and owing to the experiment’s
great sensitivity, we can retrieve the vibrational system’s response function and Raman
spectra for several vibrational modes. The flux-grown KTP crystal used in the
experiment was cut at ϕ=40° and θ=90°. Polarizations of all the three beams were made
parallel and aligned in XY-plane of the crystal. Thus, technically, all the four symmetry
tensor components [10,11] are involved in Raman mode excitation and scattering
processes during CARS.
Lattice dynamics in condensed matter is modeled as time-dependent behavior
regarding the expectation value of molecular/atomic displacement amplitude under a
driving force. This driving force consists of a pair of pulsed fields with an optical
frequency difference matching the energy of vibration quanta [23-25]. Quantitatively, the
scattering CARS signal at anti-Stokes frequency in the time-domain (Sas(td)) can be
expressed as the following:
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In the above equation, 𝜗(𝑡) and ε(t) are normalized time-dependent envelopes for
atomic displacement amplitude and probe pulse, respectively. This also implies that ζ0
represents detected anti-Stokes signal at a zero delay. In Equation (1), the time-domain
CARS signal (measured experimentally) is a function of a variable time delay td. The
delay time value corresponds to the time delayed probe pulse in the 3-color CARS
geometry. As the time delay value increases from zero, the time-domain CARS signal
reveals intrinsic dephasing properties of coherently excited Raman vibrational modes.
The ensemble averaged displacement amplitude is negligible well before the
arrival of the driving pulse pair and one can find a solution for the dynamics equation in
the form of a correlation integral in the time-domain:
!

𝜗 𝑡 =
!!

𝑔 𝑡 ! − 𝑡 𝜀! 𝑡′ 𝜀! 𝑡′ 𝑑𝑡′

(2)

In the equation above, g(t) represents the response function of the corresponding
vibrational system to δ-pulsed driving fields coupled with normalized time-dependent
envelopes for the driving pulse amplitudes. The above equation represents the
macroscopic coherently excited vibrational amplitude in the time-domain. Once
coherently excited by the driving pulses, vibrating molecules/lattice atoms corresponding
to a Raman vibrational mode are forced to have the same phase. The stimulated process
excites the vibrational system coherently (i.e. the molecules oscillate in unison within the
excited volume). This uniform phase value then decays in time due to various dephasing
properties. Equations (1) and (2) are of Fredholm type-I and can be solved using the
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Fourier transform method [26]. This is ensured by the correlation integral theorem and
the fact that spectra and/or envelopes of ε1, ε2, and εpr pulses are known and can be
measured. In the case when 𝜗(𝑡) is a real function, the response function g(t) and its
Fourier transform can be ultimately obtained. The condition holds true for many types of
vibrational systems that do not involve diffusional phase shifting events. As a
consequence, precise spectra and fine features in the vicinity of Raman active vibrations
can be effectively resolved. Figure 2.2 (a) shows an experimentally measured CARS
signal versus delay time in the KTP crystal (open circles) under conditions that favor a
coherently driven high-frequency (21.3 THz or ~710 cm-1) Raman mode. For this case,
the OPO wavelengths were tuned to 1020 nm and 1098 nm respectively. The coherently
driven Raman mode belongs to a main symmetric Ti-O bond stretching vibrations
(ν1(A1g)) within the distorted TiO6 octahedra. The vibration has a relatively high damping
rate so that the corresponding CARS signal decay time (~250 fs) is comparable with
pulse widths used in our experiments. The crystal is of high quality and the only
mechanism that results in the CARS signal decreasing versus time delay, is a decay of the
coherently driven phonon into phonons of lower energy. From the measurement, a crude
estimate can be made for the phonon lifetime (T1 ≅ 495 fs) and the corresponding phonon
line bandwidth in (Δv=1/πcT1 ≅ 21 cm-1). A more rigorous analysis that concerns spectral
domain information retrieved from the time-domain data is needed. For this particular
case, the excitation and probe pulses cannot be considered as δ-functions (tp~3×T1) and
an approach reported earlier by our group, described in Ref. [27], yields in somewhat
distorted spectral data. Thus, equations above need to be solved in order to retrieve
Raman spectra along with the dispersion of the real part of the associated resonant third
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order nonlinearity (χ(3)(ω)). The Fourier transform (Sas(ω)) of the measured timedependent CARS signal is a first step in solving the equations. The corresponding result
is shown in Figure 2.2 (b). The spectrum is smooth, as high-frequency noise in the timedomain CARS signal has a relatively low spectral power density and is not visible on
linear scale. The main characteristic of the spectrum is a broadband and high-intensity
pedestal, associated with ultrafast signal rise-time. The pedestal masks a narrower
spectral feature. The latter may reflect a slower decay rate due to the phonon decay
process mentioned above. Knowing the measured probe pulse spectrum,
(Ipr(ω)=FT(εpr2(t)), and applying the inverse Fourier transform operation, allows the
collection of time-domain data on the coherent displacement amplitude (𝜗(𝑡)) at
𝜗(𝑡)

!

= 𝐹𝑇 !!

!!" !
!!" !

. Further, having 𝜀! 𝜔 , 𝜀! 𝜔 available from OPO pulse

autocorrelation and spectral measurements and a Fourier transform of 𝜗(𝑡), one can
arrive to resonant third order nonlinearity (χ(3)(ω)) spectra contained in real and
imaginary parts of g(ω). Figure 2.2 (d) shows the retrieved coherent amplitude function
(𝜗(𝑡)) and the real and imaginary part of the resonant third order nonlinearity in the
vicinity of the coherently driven ν1(A1g) -phonon mode. The main peak’s asymmetry is
caused by the presence of two components with relative amplitude ratio of 26:11,
bandwidths (FWHM) of 17.2±0.7 and 24±1.2 cm-1 and an energy separation of 16 cm-1
for the doublet. The difference in the bandwidths is explained by different damping rates
for in-plane and along long axis vibrations within the TiO6 octahedron [10]. A third
component is also pronounced in the spectra with a position shifted to lower energies by
65 cm-1. This mode has a different symmetry and represents ν2(Eg) anti-phase stretching
vibration within TiO6 octahedra. The peak can be better resolved under condition when
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one of the OPOs is detuned to provide more efficient coherent excitation for the ν2(Eg)
mode. As a result, the time-dependent CARS signal exhibits a more pronounced quantum
beats pattern. Using this arrangement, the spectral bandwidth of the ν2(Eg) mode was
determined to be 21.3±0.7 cm-1. The obtained parameters for the main ν1(A1g) doublet and
for the ν2(Eg) modes are in good general agreement with the referenced reports [10,11].
We must note, however, that consistent bandwidth and Raman shift data for the doublet
components could not be found throughout Raman spectroscopy characterization studies
of KTP crystal published in the past [10-18, 28-31]. The result of fitting imaginary part
of the resonant third order nonlinearity (i.e. Raman spectrum) using Lorentz-shaped
multi-peak curves is also shown in Fig. 2.2 (d) by solid lines with individual line details
provided in the figure caption.
An unassigned phonon mode centered at ~820 cm-1 is perhaps a better example of
the complex nature of Raman active vibrations in the crystal. Figure 2.3 (a) shows a
CARS transient obtained for this case. The overall signal behavior shows quantum beats
of at least two spectral components on the background of characteristic exponential decay
with a noticeably longer time constant than for the ν1(A1g) mode. Modeling of the timedomain behavior of CARS signals and the fitting of the experimental data require certain
assumptions and use of multi-parametric fitting algorithms that do not have global
minima. We have instead analyzed the obtained data by the approach that was outlined
above. Fourier analysis of the signal unequivocally reveals a presence of a strong
nonresonant signal on the background of weaker contributions from the clustered phonon
mode. This proves the fact that the mode is noticeably weaker in its intensity when
compared to the ν1(A1g) and ν2(Eg) modes. Retrieved Raman spectra (Im(χ(3)(ω))) and
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data for the real part of the third order nonlinearity are shown in Figures 2.3 (b) and 2.3
(c) respectively. Three spectral components are involved in this case. They have energy
separations of 18 cm-1 and 46 cm-1 and the values are in relatively good agreement with
spontaneous Raman scattering measurements. The latter provide the range of 20.4 - 29.0
cm-1 and 34.6 - 39.2 cm-1 for the corresponding two parameters [11]. Spectral component
bandwidths obtained from our data are 9.1±0.4 cm-1, 7.5±0.6 cm-1, and 11.2±0.5 cm-1 for
the three components compared to ranges of 10.2 - 12.6 cm-1, 9.2 - 10.8 cm-1, and 14.0 16.4 cm-1 respectively reported by spontaneous Raman spectroscopy study [11]. The
spread for both parameters is dependent on particular experimental conditions (e.g.
crystal axes orientations with respect to laser polarization) when different scattering
tensor elements have been accessed within the measurements. And finally we report a
component amplitude ratio of 46:5:31. The value is not available for comparison from
spontaneous Raman spectroscopy studies Phonon line bandwidths are approximately two
times narrower (i.e. the corresponding phonon decay rate is two times lower) when
compared to the high frequency modes (ν1(A1g) and ν2(Eg)) that are stronger in Raman
scattering. We explain this by the fact that the latter modes have a variety of efficient
overtone or combinational phonon decay channels within either of the TiO6 or PO4
groups, resulting in lower energy vibrations. Therefore, we think, that based on the fact
that the investigated ~820 cm-1 mode has a significantly lower damping rate, the mode is
not a vibration originating from either of the two main atomic groups and it is rather
within Ti-O-P intergroup vibrations. The complex structure (i.e. presence of the triplet
line) can be explained by shifted frequencies for vibrations of different symmetry within
the group. Lower phonon damping rates (i.e. higher effective dephasing time T2*=T1)
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makes up to a certain degree for the difference in the steady state SRS gain between the
relatively weak mode at 820 cm-1 and the strong ν1(A1g) and ν2(Eg) vibrations. By using
proper crystal orientation, it is possible to produce in SRS experiments (Stokes and antiStokes scattering) a nearly equal intensity and equidistant comb of frequencies that
includes ~820 cm-1 mode. The comb can be used for ultrafast waveform synthesis.
In conclusion, we have demonstrated, using femtosecond time-domain coherent
anti-Stokes Raman scattering spectroscopy, a resolution of complex Raman active
vibrations in KTP crystal. The Raman spectra retrieved from our measurements show
several spectral components corresponding to vibrations of different symmetries with
distinctly different damping rates. Relative amplitude ratio, energy shifts, and bandwidths
for an unassigned optical phonon mode triplet centered at ~ 820 cm-1 have been reported.
The mode is thought to belong to vibrations in the Ti-O-P intergroup within the crystal.
Results of our experiments can be used to estimate stimulated Raman gain for different
vibrational modes in the crystal.
Authors acknowledge funding support from NSF (DBI-135530).
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Figure 2.1: Experimental diagram and layout for three-color time-domain CARS
spectroscopy experiments that employ tunable optical parametric oscillators. Pair of
transform-limited 110-150 fs pulses at λ! and λ! wavelengths are used to coherently drive
Raman active vibrational modes in the vicinity of corresponding ω! -ω! frequency shifts.
A pulse at λ!" =765 nm is time delayed and probes the resulting coherent excitation at
different delay times. CARS transients at anti-Stokes frequency are detected within five
orders of magnitude. Polarizations of all the three beams were made parallel to each other
and aligned within XY-plane of the KTP crystal under study.
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Figure 2.2: (a) Time-domain CARS system instrument response obtained in quartz glass (black
curve). Simulated CARS transient for Raman active vibrational mode with dephasing time
T2=150 fs (red curve). CARS transient detected in KTP crystal under the conditions specified
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below (blue curve). The broadband OPO pulses were tuned to 1020 nm and 1100 nm center
wavelengths to coherently drive the main ν1(A1g) high frequency Raman active mode at ~700 cm. (b) CARS signal spectrum ( Sas (ω ) ) showing a narrower spectral feature on the background of

1

a broadband pedestal corresponding to the transient signal‘s fast rise time. (c) Time-domain
response function (g(t)) that was obtained by solving equations (1) and (2) using Fourier
transform method. (d) Dispersion of real (red open circles) and imaginary (blue open circles)
parts of the resonant third order optical nonlinearity ( χ

(3) (ω )

) in the vicinity of the coherently

driven Raman active modes. The part corresponding to Raman spectra (i.e. Im( χ

(3) (ω )

) is also

shown fitted with solid black curve representing a sum of three Lorentz-shaped envelopes with
bandwidths of 21 cm-1, 17 cm-1, and 25 cm-1 starting from the red shifted ν2(Eg)-mode (cyan
color peak).
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Figure 2.3: (a) CARS transient (blue circles) obtained from KTP crystal when unassigned
Raman active vibrational modes at ~820 cm-1 are coherently driven and probed. A proper
wavelength combination was chosen for the OPOs (𝜆! =967 nm and 𝜆! = 1051 nm) so that
the corresponding shift is targeted at its center. Simulated CARS signal (black curve)
49

obtained under amplitude, damping rate, spectral shift parameter values for the
vibrational modes using retrieved Raman spectra data. (b) Retrieved Raman spectra (blue
curve), simulated Lorentz-shape curves for the three spectral components that yield in
cumulative fitting curve (black). (c) Corresponding real part of the third order optical
nonlinearity.
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Applications of nonlinear optics have been widely regarded as powerful tools that
are capable of providing quantitative spectral information in condensed matter
characterization. These applications span from plasma to solid-state materials and
nanostructures, as well as to interfaces and biological media [1,2,3,4,5]. Raman effect
based spontaneous and coherent scattering techniques are of special attention due to
their selectivity and sensitivity down to a chemical bond level, and that in turn
provides access to important physical mechanisms and fundamental interactions.
However, in spontaneous Raman spectroscopy, reliable data on weak resonances is
difficult to obtain. In the last decade, coherent Raman spectroscopy methods have been
successfully demonstrated in optical microscopy [6,7,8,9,10]. Spectral responses with
a resolution of a few cm−1 have been demonstrated in various applications that focused
on the characterization of biological matter. It is worth noting that these approaches
provide only dispersion for the imaginary part of the resonant optical nonlinearity. The
overwhelming majority of studies are in the frequency domain, with a recent focus on
novel solid-state materials [11,12,13,14] and molecular/biological media
[15,16,17,18]. The coherent Raman based microscopy techniques were recently
applied to image biological tissue and cells with sub-micron spatial resolutions capable
of resolving the spatial structures of key constituents when their characteristic Raman
active vibrations are targeted [19,20]. The spontaneous Raman microscopy has been
applied with a greater focus towards the analysis of specific vibrations within cells,
tissues and their spectral features. Multi-line spectra were analyzed with respect to
relative changes in the intensities and spectral shifts for main phonon lines, depending
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on growth techniques for solid-state materials as well as scattering geometries with
respect to crystal axes [21,22]. For biological media, efforts were focused towards the
goal of correlating those with bio-molecular alterations occurring on cellular and subcellular levels [23,24]. Resolving lattice or molecular vibration damping rates Γ (or
linewidths, ∆ν = 1/Γ) and line shapes, which are ultimately key parameters in
characterizing atomic/molecular bonds, has not been of specific effort primarily due to
insufficient detection sensitivity and spectral resolution. The vibration damping rate is
strongly influenced by unit cell structure and respective phonon properties in crystals
and inter- and intra-molecular interactions in soft media. Therefore, the ability to
measure Raman line shapes and sub-structures with high precision is absolutely
important from the standpoint of having access to fine inter- and intra-molecular
interactions and their physical mechanisms. Spontaneous Raman spectroscopy has a
typical resolution of ~3–7 cm−1 and often requires the application of data postprocessing algorithms to retrieve spectra. Thus, for current state-of-the-art spectral
domain techniques, the ability to access critical inter- and intra- molecular interactions
of key molecular groups within biological specimens is limited. Coherent Raman
microscopy, which employs picosecond pulses to attain high peak powers, cannot
provide a better spectral resolution due to the pulse bandwidths (~5–20 cm−1).
Additional measurement artifacts and sources of imprecision come from a need to
mechanically tune laser wavelengths in point-by-point spectral measurements with an
obvious adverse impact on precision. Thus, the desired precision in detecting Raman
line shapes and bandwidths may not be achieved. Precise information on dispersion of
the nonlinear optical susceptibility in Raman active media is essential in order to gain
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insight into the physics of intra- and inter-atomic and molecular interactions. For solid
state, detailed knowledge of Raman active vibrational properties in intrinsic and doped
materials, as well as in thin films, is of high value from the standpoint of identifying
mechanisms that limit transport parameters which are critical for device applications.
For biological media, this can become a powerful tool in detecting small spectral
changes that can be translated to variations in bio-molecular composition and
ultimately lead to disease diagnoses on a molecular level.
In this report, we discuss and implement a method that is applied to characterize
crystal phonons and Raman active vibrations in soft matter. We show how to obtain
high spectral resolution dispersion data for the resonant part of the third-order optical
nonlinearity (χ(3)), for both real and imaginary parts, within experiments when the
medium is probed with sub-micron spatial resolution. Time-resolved coherent antiStokes Raman scattering (CARS) replicas are detected with femtosecond resolution
and can be traced within orders of magnitude of the signal decay. This enables
resolution of fine spectral features in dispersion of the resonant third-order
nonlinearity that cannot be reliably detected by Raman based spectroscopy techniques.
For solid state medium, we focused our study on phonon modes in potassium titanyl
phosphate crystal (KTiOPO4 or KTP) as the crystal has the most complex vibrational
spectra represented by vibrations of different interatomic groups. The material has
been shown in a variety of applications as an efficient solid state medium for
generation of Raman shifted components within source lasers. The crystal is also a
good candidate within applications developing a few femtosecond laser source based
on stimulated Raman scattering. Complex phonon lines were analyzed in the KTP
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crystal where we focused on vibrations within titanium octahedron and Ti-O-P
intergroup vibrations. For the TiO6octahedron, we resolved a Raman doublet with a 62
cm−1 frequency difference and slightly different phonon decay times of 495 fs and 515
fs for the two closely spaced vibrations. For phonons representing Ti-O-P intergroup
vibrations, we found three components with decay times within the 0.95–1.2 ps range
that translate to phonon linewidths of 9.1 ± 0.4 cm−1, 7.5 ± 0.6 cm−1, and 11.2 ± 0.5
cm−1. Comparing Raman active C-C stretching vibrations in fat tissue and oil, we
found close similarity between the two. Picosecond dephasing times within the 1.6–2.7
ps range has been detected. Based on the time-domain CARS data, we are able to
deduce linewidths as narrow as 4.1 cm−1 in fat tissue which has not been resolved in
prior works that used spontaneous scattering and frequency domain coherent Raman
spectroscopy methods.
Third-order nonlinear polarization (𝑃(!) ) is the origin of the scattered signal at
shifted frequency in coherent Raman spectroscopy. Here, we will consider a case of
coherent anti-Stokes Raman scattering (CARS) with three incident fields involved. The
nonlinear polarization in the frequency-domain is then expressed in terms of the thirdorder susceptibility (χ(3) (ωas; ω1, −ω2, ω3)) and is a nonlinear response of a medium to
incident optical fields E1,E2, and E3:

P (3) (ω as ) = 6 χ (3) (ω as;ω 1,−ω 2, ω 3) E1E *2 E 3,

(1)

In the above equation, E1 and E2 are the complex amplitudes of the driving pulses and E3
is the complex amplitude of the time-delayed probe pulse. The nonlinear polarization
defined in Equation (1) represents the macroscopic change of polarization connected with
the coherent material excitation and probing in the CARS process. If one chooses to
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represent the polarization through the molecular susceptibility tensor (α), the nonlinear
polarization expression in frequency-domain can be written as following:

P (3) (ω as ) =

1 ∂α
N
Q (ω 1 − ω 2 ) E 3,
2 ∂q

(2)

N – density of molecules, Q – coherent amplitude of molecular or lattice vibrations at the
driving frequency, ωas - anti-Stokes frequency. The interaction between the
electromagnetic field and the vibrational mode is described by the molecular
susceptibility tensor. These two equivalent definitions of nonlinear polarization in the
frequency-domain for the 3-color CARS geometry allows for the definition of the thirdorder susceptibility in terms of the molecular susceptibility tensor and the coherent
vibrational amplitude. The macroscopic coherence is the statistical average of molecular
displacements (qi) with Raman frequency (ωR) and independent phases (ϕi). Upon the
action of the driving pair of pulses (E1, E2), the displacements are forced to accept
common phase (ϕ1-ϕ2). The difference frequency of the pair (ω1-ω2) is tuned to match
Raman active vibration (ωR ) in order to achieve maximum value of Q. After the action of
the two fields, the coherence decays freely in time as a result of inter- and intraatomic/molecular interactions that lead to changes in the individual phases (pure
dephasing) [25,26]. Third wave/pulse E3, that can be delayed in time with respect to the
driving fields, is scattered on the time-dependent coherence Q(t,) producing a signal at
the anti-Stokes frequency (ωas).
The time-domain coherent amplitude can be represented in terms of an
instantaneous response function G(t), that is the characteristic of the ensemble oscillating
at Raman frequency (ωR=ω1-ω2), coupled to the finite width driving pulses [26]:
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∞

Q(t) = κ 12 ∫ G(t '− t)E1 (t ')E2 (t ')dt ',

(3)

−∞

The above equation is a measure of the coherent excitation of the molecules. The
stimulated process excites the vibrational system coherently, i.e. the molecules oscillate
in unison within the excited volume. The forced common phase then loses uniformity in
time due to various dephasing properties. Time-domain CARS signal (Sas(td)) can be
expressed as the following:

S as ( t d ) = κ

∞
2
2
∫ Q ( t ) E 3 ( t − t d ) dt
−∞

(4)

The κ constant represents combined field coupling coefficients to the molecular/atomic
system (κ12) for E1,E2 fields and E3 field to the coherent amplitude. The time-domain
CARS signal, mathematically defined in Equation (4), is a function of the time delay td
corresponding to the time delayed probe pulse. The decay of the time-domain CARS
signal (measured experimentally) reveals intrinsic dephasing properties of the coherently
excited Raman vibrational mode.
The above equations for the coherent amplitude and CARS signal are Fredholm
type-I integral equations and can be solved numerically or using the Fourier transform
method [27]. The spectra and autocorrelation functions of the E1, E2, and E3 pulses are
known and can be measured. Provided the condition that 𝑄(𝑡) is a real function, a Fourier
transform of the response function G(t) can be obtained. This is true for many types of
vibrational systems for which diffusional phase shifting events are minimized or nonexistent. Therefore, fine features in the spectra can be effectively resolved in the vicinity
of Raman active vibrations driven by fairly broadband ultrashort pulses. In the case of
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extremely short optical pulses, or when G(t) does not change much on a timescale of the
pulsewidths, the integrations are not necessary to calculate the signal (Sas(t)). Taking into
account Equations (1) and (2), a final expression for χ(3) can be straightforwardly derived:
1 ∂α ⎛ S as( t ) ⎞ −iω t
N κ∫
χ (ω as;ω 1,−ω 2,ω 3) = 12
e dt ,
∂q ⎜⎝
S ( 0 ) ⎟⎠
1

∞

(3)

0

2

(5)

as

Thus, the experimental CARS transient signal (Sas(td)) can be used as a source function to
obtain imaginary and real parts of χ(3) with the help of Equation (5). We therefore display a
quantitative method for deriving the imaginary and real parts of the third-order nonlinearity
utilizing the Fourier transform method for solving Equations (3) and (4) and the experimentally
measured time-domain CARS signal. A best fit line for the imaginary part of χ(3) , representing
the Raman spectrum, then shows evidence of Lorentzian-shaped envelopes corresponding to
Raman vibrational modes as well as the corresponding linewidths and modal frequency
seperations. The density matrix approach [28] will also bring the same result as the time
evolution of the non-diagonal elements and is identical to the one of the coherent amplitude.
Coherently driven phonons have been the subject of detailed studies in the past [29].
The experimental design exploits a multicolor femtosecond pulse laser set up that
is used here to characterize solid state and biological media. The design also ensures
imaging capability with sub-micron spatial resolution. The detection part of the
experimental set up is shown in Figure 3.1. As was mentioned above, three-colors are
needed to enable time-domain CARS. This is ensured by having time-synchronized
optical parametric oscillator (OPO) pulses at two independently tunable wavelengths [30,
31]. The OPOs are driven by the same pump source that is a high-power mode-locked
Ti:sapphire oscillator (Coherent Mira HP, 3.5W, 76MHz, tp=110fs, 720-960 nm). The
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third color is a small fraction that is split from Ti:sapphire oscillator output. The OPO
gain material is periodically poled lithium tantalate (PPSLT) with grating period that can
be selected for a particular parametric process. Typical power outputs from the OPOs are,
depending on wavelength, between 200-375 mW, their pulsewidths are of 115-150 fs,
and their pulse bandwidths are in the range of 95-126 cm-1. Continuous tuning and
wavelength adjustment at fixed grating period is accomplished by using intracavity Lyott
filters and by varying OPO cavity lengths. The three beams are directed to a galvo
scanner and imaged onto the entrance pupil of an apochromat objective lens (OBJ) with
high numerical aperture (NA=1.2). A photomultiplier tube (PMT) with high gain and
quantum efficiency was used to detect signal photons at wavelengths selected by a
combination of bandpass filters and diffraction gratings. The output from the PMT was
digitized by a high-speed data acquisition card (DAQ).
Software code (written in Labview) was used for synchronized control of the
galvo scanner, acquisition of signal, as well as the formation and display of images in 2D.
With the available full angle scan provided by galvo drivers and with the DAQ card, an
area of about 180 x 180 µm2 could be scanned up to a maximum rate of 4 frames/second.
Another software code was used to provide a control of the optical delay line and acquire
time-domain CARS signal. Typical point signal average times for sample images and
time-domain CARS data were in the range of 1-200 ms, depending on the type of
measurement and desired signal-to-noise ratio.
Three-color pulse CARS images at different time-delays can be generated with a
spatial resolution of 380 nm. We were able to trace transient non-resonant CARS signals,
generated in the forward direction, within higher than five orders of magnitude in solid
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glass material while the average power of the combined beams was kept under 30 mW
(~0.15 nJ/pulse per beam) at the sample. The non-resonant time-domain signal in glass
(see Figure 3.1(c)) represents instrument function showing our capability to detect decay
in coherence with a characteristic dephasing time (T2 ) shorter than 150 fs. This is shown
by comparing the experimental signal (blue ovals) with simulated CARS transients
assuming G ( t − t ') = qi ( t ) qi ( t ') = h ( t − t ') exp ( − t − t ' / T2 ) , where h(t) – Heavyside
function and T2 were set to 150 fs (black curve) and 250 fs (red curve). For the
measurements presented below, recorded OPO spectra are shown in Figure 3.1 (b). OPO1
wavelength was kept fixed at 967 nm while OPO2 could be tuned to provide access to
Raman active vibrations in KTP crystal, oil and fat tissue within ~700-1300 cm-1.
Figure 3.2 (a) shows the time-domain CARS signal obtained in potassium titanyl
phosphate (KTiOPO4) crystal at a condition where one of the strongest fundamental
modes has been driven by a pair of pulses at 1019 nm and 1098 nm. The crystal is fluxgrown and was angle cut at ϕ=40° and θ=0°. This ensures that the A1 and A2 symmetry
tensor components are involved [32] when E1, E2, and E3 beam polarizations are set to
parallel. The targeted mode is assigned to an asymmetric stretching mode vibration
(ν1(A1g)) within TiO6 octahedron [33]. The resonant contribution is dominant, as
evidenced by an absence of a resolution limited peak at zero time delay. The
experimental CARS signal can be fitted very well by a single exponential decay function
for G(t) suggesting that, as expected for high quality crystals, the Raman line is
homogenously broadened and corresponds to the loss of vibrational energy via phonon
parametric process (rather than pure dephasing) that primarily includes an overtone decay
channel. The best fit yields a phonon decay time constant T2 = 495±10 fs that translates to
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a linewidth (Δν=1/(πc T2)) of 21.4±0.5 cm-1. In the case of 967 nm and 1041 nm
combination for E1, E2 –pulses, the time domain signal shows clear modulation
corresponding to quantum beats of two components separated by ~62 cm-1. The
experimental signal shown in Figure 3.2 (b) can be fit well when the two line components
(ωR1 = 706 cm-1 and ωR2 = 768 cm-1) are involved. The corresponding response function is

(

)

*
then G ( t ) = h ( t ) A1* exp ( −t / T21 − iω R1
t ) + A2* exp ( −t / T22 − iω R2t ) . The best fit is
*

achieved when the amplitude ratio is 9:5 and the corresponding T21, T22 times of 495±10
fs and 515±10 fs. It is obvious that in this case, due to broad bandwidths of E1, E2 –
pulses (~85 cm-1), the two components can be driven with nearly equal strength opposite
to the result shown in Figure 3.2 (a). In other words, the result shown in Figure 3.2 (a)
corresponds to phonon mode targeting condition where primarily only one phonon mode
centered at (i.e. ω1 - ω2 ~ 706 cm-1) is driven and probed. This results in absence of the
beat pattern and decay of the signal that is best fit with the single exponential decay
response function presented above. Figures 3.2 (c, d) show the corresponding spectra for
χ(3), both for real and imaginary parts, obtained using the formalism described previously
that required solutions for the integral Equations (3) and (4). Solid lines are simulated
spectra assuming Lorentzian lineshape and line parameters that have been mentioned
above. This highlights the asymmetry seen in the spectra obtained using the experimental
data. The best fit to the imaginary part is obtained assuming three components with ratios
of 26:15:11, linewidths of 21 cm-1, 24 cm-1, 17 cm-1 and line separations of 65 cm-1 and
16 cm-1, respectively.
Multiple Raman active modes can be driven by E1, E2-pulses at the same time,
given fairly broad bandwidth pulses. When KTP phonon modes centered at ~830
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cm−1 are targeted, a complex nature of Raman active vibrations in the crystal is clearly
seen in the detected CARS transients. Figure 3.3(a) shows the time-domain CARS
signal obtained for the case of coherently driven vibrations with the center
wavelengths for E1, E2-pulses adjusted to 967 nm and 1052 nm, respectively. The
signal carries a well pronounced modulation pattern that represents a coherent beat
signal due to interference of at least two spectral components. This is governed by the
exponential decay trend with a time constant that is clearly longer than the one
observed for ν1(A1g) mode. This is also a substantially longer time than the pulsewidths
used in the measurements and the width of the instrument function for the set up. We
have therefore analyzed the obtained data for this case with the help of the result
expressed by Equation (5). The non-resonant background, due to electronic
nonlinearity, has a noticeable presence in the data as can be revealed by Fourier
analysis of the CARS transient. The clustered phonon modes at ~830 cm−1 that are
driven by the broadband pulses have a weaker contribution, highlighting the fact that
the modes have a smaller Raman scattering cross-section compared to the ν1(A1g)
and ν2(Eg) modes, as well as narrower linewidths. Raman spectra retrieved from the
time-domain signal are represented by the imaginary part of χ(3)(ω) and are shown in
Figure 3.3 (b). Figure 3.3 (c) shows the corresponding real part of χ(3)(ω) in the
frequency domain. Three separate components can be clearly seen in the retrieved
spectra. The corresponding separations between the components are 18.5 cm-1 and 45.9
cm-1. This is in fairly good agreement with reported spontaneous Raman scattering data
that provided the range of 20.4-29.0 cm-1 and 34.6-39.2 cm-1 for the two [34]. Linewidths
(FWHM) for the three components are 9.1±0.4 cm-1, 7.5±0.6 cm-1, and 11.2±0.5 cm-1,
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respectively. This compares fairly well to ranges of 10.2-12.6 cm-1, 9.2-10.8 cm-1, and
14.0-16.4 cm-1, respectively, that have been reported for the spontaneous Raman
spectroscopy measurements. A component amplitude ratio of 23:4:15 can also be
retrieved and represents the best fit to the imaginary part of the χ(3) spectra. As was
mentioned above, due to a slower decay, phonon linewidths are more than two times
narrower when compared to the high frequency modes (ν1(A1g) and ν2(Eg)), as shown in
the results presented in Figure 3.2. This is explained by the fact that the ν1,2 modes have
overtone decay channels with a higher phonon density of states for resulting lower energy
phonons in parametric decay processes.
Thus, lack of the efficient decay channels for ~830 cm-1 mode leads to a
significantly lower damping rate for the driven vibrations. We believe that the mode
belongs to Ti-O-P intergroup vibrations opposite to the former case (i.e. ~700 cm-1),
representing vibrations within the TiO6 atomic group. The presence of the triplet line for
the cluster centered at 830 cm-1 can be explained by shifted frequencies for vibrations of
different symmetry within the Ti-O-P intergroup.
Raman studies of oil have attracted recently a strong interest in different fields of
research. Unlike in crystal lattice, molecules in oil can move freely. Therefore, CARS
signal decay is caused by pure dephasing due to collisions and translational motion of
molecules. Collisions themselves result in random phase shifts in qi. The contribution of
the translational motion results in phase changes that are linear in time, due to the
Doppler effect in between successive collisions. The dephasing rate due to collisions is
uniform and does not depend on velocity distribution. The dephasing due to the Doppler
effect (translational motion) is accounted for by averaged phase drift in time due to
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thermal velocity distribution. For a Gaussian distribution, the ensemble averaging results
in a real function for Q(t). Namely, 𝒬 t = 𝑞! 𝑒 !(!!!!

! )

where ƒ(t) = α𝑡 ! for t ≪ tv and

ƒ t = βt for t > tv [35]. Constants α and β are molecular parameters (e.g. mean velocity,
diffusion rate coefficient, etc.). Constant tv is velocity correlation time. Figure 3.4 (a)
shows time-domain CARS signal for olive oil. The driving fields (E1 and E2) have been
wavelength tuned to match Raman active mode frequency of ~1072 cm-1. Based on
spontaneous Raman data, this is relatively weak C-C stretching vibration. The CARS
transient (Fig. 3.4(a)) shows characteristic decay time of about 1.4 ps. The estimated
diffusional dephasing time in oil is T

*
D

= 2/β ~20 ms. Thus, the obvious conclusion is

that the dephasing is entirely due to collisions. Also, the CARS transient exhibits clear
modulation (beat pattern), suggesting the presence of a Raman doublet. The
corresponding parameters for dephasing times of 2.8 ps and 1.9 ps provided the best fit to
the data. By applying a solution provided by Equation (5) to the CARS transient, we can
find that the strongest line component on Fig. 3.4(b) fits fairly well into a Lorentzian
profile with linewidth ∆νL1 = 3.8 ± 0.1 cm-1, while the second component is noticeably
broader (∆νL2 = 5.6 cm-1).
The most recent data available in literature for the vibrational mode shows a
single peak with a ~7 cm-1 linewidth [36]. The discrepancy is explained by a lack of
sensitivity and resolution (~5 cm-1) to provide more precise data.
We have applied our method and experimental capabilities to enable quantitative
microscopy where, as an example, we characterized biological tissue. We demonstrate
imaging of tissue constituents and then perform dephasing time measurements in targeted
areas of the tissue by driving and probing in time characteristic Raman active vibrations.
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Figure 3.5(a) shows a CARS image of mouse tissue (dermis area). The tissue samples
were dissected from above the longisimus dorsi muscle of C57BL/6 mice. The image is
taken when the delay time between driving (E1, E2) and probe (E3) pulses is set to zero.
The driven Raman active mode was at a frequency of ~1072 cm-1. The areas filled with
dense mouse fat show very strong CARS signals. Collagen fiber bundles can be identified
on the CARS image as well. The image contrast in the collagen bundle areas is
significantly lower than the one for fat areas. Blood vessel can also be seen on the image
with red blood cells (RBC) clearly resolved.
The CARS image shown in Figure 3.5 (b) was obtained at the same conditions
except that the probe pulse was delayed by 600 fs. The image contrast between fat and
the surrounding areas is drastically improved exceeding one order of magnitude. This is
due to the fact that the non-resonant background decays instantaneously in time while the
coherence built for the Raman active vibration in fat is still quite appreciable. Figure 3.5
(c) shows CARS signal versus delay time at the same targeting condition for the Raman
resonance in fat. The scanning area was reduced (~20x20 µm2) to match a large piece of
fat located at around the center of the image shown in Figure 3.5 (a). Signal fluctuations
are fairly high and the signal-to-noise ratio is only about a factor of 5. This is despite the
fact that data points in the CARS transient have been effectively averaged across about a
4000 pixel area. The scanning was needed to obtain reproducible time-domain signal.
Single point measurement often led to data of poor quality that was the result of tissue
damage. This problem will be more closely investigated in our future work. The obtained
time-domain CARS signal shows a pronounced beat pattern of at least two spectral
components with the corresponding dephasing times of 2.6 and 1.7 ps. The obtained
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transient has been analyzed by generating theoretical curves to fit the experimental data
and the results are summarized in the caption. The corresponding dispersion of χ(3)
obtained with the help of Equation (5) is shown on Figure 3.5 (c). It shows a doublet with
linewidth parameters that are fairly close (within 15-20%) to the ones that were obtained
in oil. The molecular composition of oils and lipids in fats are similar, and this should be
reflected in Raman spectra. Our data confirms that the fat is responding primarily by its
C=C double bond fatty acid vibrations that play key roles as signal messengers and lipid
mediators in various biological systems.
In conclusion, we have demonstrated femtosecond time-domain coherent antiStokes Raman scattering spectroscopy and microscopy to characterize solid state and
biological media. We demonstrated well-resolved Raman active vibrations with a
complex line structure that are not routinely resolved by other Raman based spectroscopy
techniques. We can obtain distinctly different parameters for complex vibrational lines.
Real and imaginary parts of the third-order nonlinear susceptibility near Raman
resonances in KTP crystal, oil and animal fat have been obtained with an equivalent
spectral resolution of better than 0.1 cm-1. KTP crystal was studied by accessing TiO6
octahedron vibrations. Namely, we have resolved a Raman doublet with 62 cm-1
frequency difference and slightly different phonon decay times of 495 fs and 515 fs for
the two closely spaced vibrations. For phonons representing Ti-O-P intergroup vibrations,
we found three components with decay times within 0.95-1.2 ps range that translate to
phonon linewidths of 9.1±0.4 cm-1, 7.5±0.6 cm-1, and 11.2±0.5 cm-1. Comparing Raman
active C-C stretching vibrations in fat tissue and oil, we found close similarity between
the two. Picosecond dephasing times within 1.6-2.7 ps range has been detected. Based on
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the time-domain CARS data, we are able to deduce linewidths as narrow as 4.1 cm-1 in
fat tissue, which has not been resolved in prior works that used spontaneous scattering
and frequency domain coherent Raman spectroscopy methods. The experiments have
been implemented in a microscopy arrangement, giving strong promise and providing an
additional dimension in the comprehensive characterization of condensed matter and
biological media. This can lead to a strong impact and important applications in the field
of electronic materials that help to identify mechanisms that limit electronic transport
parameters. This can also become an effective method in detecting bio-molecular
alterations in cells and tissue that is critical for molecular level disease diagnosis.
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Figure 3.1: (a) Experimental set up. The three-color pulses at ω1, ω2, ω3 are provided
from lab built tunable femtosecond optical parametric oscillator (OPO1,2) sources and
fixed wavelength Ti:sapphire oscillator (Coherent Mira) respectively. GR- diffraction
grating 1200 l/mm, BP-bandpass filter, CL-collimating lens objective. Galvo-scanner is
from Cambridge Technology, Inc. (model #6210), photomultiplier tube (PMT) is from
Hamamatsu (model #H9305), data acquisition card (DAQ) is from National Instruments
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(model 6201); (b) OPO1,2 spectra for nearly transform limited E1,2 pulses used for CARS
experiments; (c) Time-domain CARS signal (open circles) obtained from microscope
glass when the OPO wavelengths were set to 967 nm and 1152 nm. The transient signal
represents instrument function that allows to measure dephasing times (T2) shorter than
150 fs. Solid curves are simulated CARS signals that make use Equations (3) and (4) and
assuming single exponential decay for G(t) with 150fs (black) and 250 fs (red) dephasing
times.

Figure 3.2: (a) Time-domain CARS signal (open circles) obtained from KTP crystal
when the OPO wavelengths were set to 1019 nm and 1098 nm (~706 cm-1). Red solid
line represents theoretical fit that assumes single exponential decay for G(t) with the
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dephasing time of 495 fs; (b) Time-domain CARS signal (open circles) obtained from
KTP crystal when the OPO wavelengths were set to 967 nm and 1041 nm. Solid line
represents theoretical fit that assumes Raman doublet with 62 cm-1 frequency difference
and decaying with the dephasing times of 495 fs and 515 fs; (c, d) Corresponding spectra
of the resonant third order nonlinearity obtained with the help of the formalism presented
in the text. Real part of χ(3) is shown in black open circles while the imaginary part is
shown in blue circles. Solid lines show results of simulations for both parts of the
nonlinearity assuming Lorentzian profile for the two components with parameters
outlined in the text.
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Figure 3.3: (a) CARS transients (open circles) obtained from KTP crystal when the OPO
wavelengths were set to 967 nm and 1052 nm (~830 cm-1 vibration). Solid line represents
theoretical fit that assumes three spectral components and is obtained using software
algorithm that varies multiple parameters for each component (amplitude, spectral
position, dephasing time) variation that assumes Raman doublet with 62 cm-1 frequency
difference and decaying with the dephasing times of 950 fs and 1160 fs; (b)
Corresponding spectrum of the resonant third order nonlinearity (χ(3)(ω)) obtained using
experimental CARS transient and applying Equation (5). Imaginary part of χ(3) is shown
in blue open circles. Solid black line is the best fit to the spectrum assuming three
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components shown in separate colors and with parameters provided in the text; (c) Real
part of χ(3)(ω).

Figure 3.4: (a) CARS transients (open circles) measured in olive oil while vibrations at
≈1072 cm-1 were driven and probed. The best fit to the data is given by solid red line for
which Equations (3)-(4) have been employed. Corresponding line component parameters
are listed in the text; (b) Real (black circles) and imaginary (blue circles) parts of χ(3)(ω)
obtained using experimental CARS transient and Equation (5).
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Figure 3.5: (a) CARS image obtained from the mouse dermis area at zero time delay
between the driving E1, E2 pulsed fields and the probe field E3. Vibration at 1072 cm-1
has been targeted; (b) CARS image the same area when the probe pulse was delayed by
600 fs; (c) Time-domain CARS signal obtained from the ~20 µm diameter fat area
located at the center of the mouse tissue for the image shown in Fig. 5(a). Red line
represents the best fit to the data obtained by using Equations (3)-(4) and varying the
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corresponding line parameters (see text); (d) Real (black circles) and imaginary (blue
circles) parts of χ(3)(ω) obtained using the experimental CARS transient shown in part (c)
and Equation (5). Red line is theoretical fit that makes use two-component Lorentzian
function (Δν1,2=4.1,6.2 cm-1, 28 cm-1 separation between components, A1/A2=13:4).
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Two-dimensional materials have attracted very strong interest due to their
promise in practical applications. For example, monolayer MoS2 has been shown recently
as an efficient material for low-power field effect transistors [1]. Strongly enhanced
second order optical nonlinearity χ (2) in monolayers of transition metal dichalcogenides
(TMDC) is also predicted due to the lack of an inversion center in their crystalline
structure. The reported absolute values of χ (2) vary though by orders of magnitude 5 -105
pm/V [2-4]. Very few studies though address the spectral response of χ (2) . This type of
data can provide new information along with the results of traditional optical methods for
condensed matter characterization. Wang et al. [5] performed experiments on obtaining
χ (2) dispersion in WSe2 at low temperatures. Multiple peaks in χ (2) dispersion within

SHG photon energy range of 1.7-2.4 eV were clearly attributed to excitons with n=1-3.
Large variations in the SHG signal have made this point-by-point measurement
insensitive to smaller features in the SHG spectra. In addition, the incident photon energy
range was limited so that the near bandgap nonlinear optical response of the material
could not be obtained.
In this letter, we report on a microspectroscopy method applied to characterize
monolayer WSe2 within a photon energy range of 2.4-3.2 eV. We detect single-shot
second harmonic (SH) spectra from monolayer WSe2 material with better than 0.3 nm
resolution (~3 meV) and low noise (5-6% rms) using broadband femtosecond continuum
pulses. Fine sub-structure features that can be detected within the main peak of χ (2)
indicate the impact of near bandgap exciton transitions. We retrieve, with a fairly good
precision, the fundamental bandgap and exciton binding energy. The absolute values for
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χ (2) are also provided. We believe that our experimental results will aide in developing

refined theoretical models for 2D materials.
The experimental idea is presented in Fig. 4.1(a). Femtosecond continuum pulses
with a smooth spectral envelope centered in the near-IR are used to generate SHG signal
within an atomically thin semiconductor sample. Spectrum of the second harmonic signal
that carries spectral signatures of the sample is then detected with fine (~3 meV) spectral
resolution. The laser part of the experimental arrangement, shown in Fig. 4.1(b),
generates spectrally smooth shape for the ultra-broad continuum in the near infrared
(780-1050 nm) with typical power density of ~50 µW/nm. Chromatic dispersion
compensated optics were used to deliver the fundamental beam to the sample within less
than 400 nm spotsize. The incident beam can be angle scanned using a galvo-mirror
scanner to provide 200×200 µm2 imaging area. SH signal from the sample was collected
through the same objective lens in the backward direction. The SHG signal spectra were
resolved using a monochromator (Horiba, Inc. model: iHR320) and a cooled CCD
detector (Syncerity-UV/Vis, Horiba Inc.). Single layer WSe2 flakes were prepared by
micromechanical cleavage of bulk WSe2 crystal on 90 nm SiO2 on a Si substrate. Figure
4.2(a) shows SHG image of the flake. The flake was also characterized in a separate
photoluminescence measurement. The latter reveals a narrow (~45 meV) peak at 746 nm
(~1.662 eV) that is shown in Fig. 4.2(b) and corresponds to the first exciton line
characteristic for single layer. We have checked the SHG signal dependency versus
incident power of the fundamental beam to reveal the quadratic increase shown in Fig.
4.2(c). The SHG image shown in Fig. 4.2(a) displays high contrast and an absence on any
appreciable signal from interfaces other than the one created by the flake. Fairly large
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SHG signal variations (up to 30%) are observed even within the unripped parts of the
flake (Fig. 4.2(d)). We believe that this is due to local field variations affecting χ (2) at the
flake/SiO2 interface. The SHG spectrum is shown in Fig. 4.3(a) by the blue curve. We
have also performed, for comparison purposes, point-by-point wavelength tuning SHG
measurements with wavelength tunable Ti:sapphire oscillator (filled circles data in Fig.
4.3(a)). The SHG signal fluctuations are significantly higher (σ=±54%) for this case. We
believe that much higher SHG signal variations versus wavelength observed in the pointby-point measurements are due to couple of additional sources of the variation. Namely,
changes in the fundamental beam parameters like pulsewidth and spatial mode while the
wavelength is tuned. The lowered precision for the SHG spectra were also observed in
the referred point-by-point measurements [5] as authors pointed to the uncertainties in the
puslewidths while the wavelength was tuned as being the main reason.
(2 ) matches well with splitThe observed increase in the resonant nonlinearity χ 2D

off band transitions (i.e. B-exciton) if one considers bandstructure parameters for single
layer of WSe2 at K-point such as bandgap ( E g ) and split-off energy ( Δ SO ) [5, 6]. A
similar effect has been observed in MoS2 involving a different energy valley that is at Γ
point [3].
(2 ) spectra using two approaches. The first one exploits the
We have obtained χ 2D

relationship between the fundamental and SH powers. In the other one, we used a
comparative approach when a material with known second order nonlinearity is used. We
have chosen thin KTP crystal. The crystal is well characterized from many aspects. The
second order effective nonlinearity ( d eff ) is between 1.72-2.01 pm/V [7] for the incoming
beam polarization and crystal orientation that we used. By normalizing our WSe2 SH data
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to the one obtained from the crystal ( P2B ), we obtain a ratio ( ρ = P22 D / P2B ) that provides
dispersion of the absolute value of χ 2(2)D and is free from measurement artifacts (e.g., T2ω ,
etc.). The result is displayed in Fig. 4.3(b) by blue curve for a comparison. Some
difference can be seen at lower photon energies. We note that SHG and fundamental
signal have been detected by different spectral devices in the first method. The second
method is free from the artifact.
Bloembergen et al [8] were first to consider SHG from thin layers and interfaces.
SHG power has been derived by Merano [9] by considering a real experimental situation
of a sheet of 2D material on the top of the layered substrate. Following the approach
developed in [9,10] and making use of the results by Boyd et al. [11] SHG pulse peak
power from 2D material ( P22 D ) and bulk crystal ( P2B ) can be expressed as shown in
(2 ) expressed in terms the
Supplement [12]. Based on that, the absolute value of χ 2D

crystal’s effective nonlinearity d eff , refractive index ( nb ), numerical aperture of the
objective lens ( Θ ) and the measured ratio ( ρ ) is:

χ 2(2D) =

16λ1 ρ

(1 + rω )2 (1 + r2ω )(nb + 1)3

nb Θ 2

d eff

(1)

The above equation is an estimate of the second-order nonlinearity for the
atomically thin crystal in terms of the normalization of the two-dimensional second
harmonic data compared to the previous data from a reference crystal. Using this
approximation eliminates the artifact corresponding to the second-order nonlinearity
measurement obtained by the power relationship method.
It is important to note that the two-layered substrate can lead to the enhancement
or attenuation of the SHG intensity due to interference effects that depends on the
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thickness of the SiO2 layer. This is taken into account in the factor containing complex
field reflectivity ( rω ,r2ω ). With the help of Equation (1), we can provide absolute scaling
for the result shown in Fig. 4.3(b) (left scale). For KTP material the refractive index ( nb )
changes by only few percent within the photon energy range that we have. The median
peak value of χ 2(2)D for WSe2 monolayer at the SH photon energy of 2.76 eV can be
estimated at 7.3×10-19 pm2/V. We provide ±15% range owing to several factors such as
the range for d eff itself and taking into account signal variations across the flake that were
discussed earlier. The value is on the same order of magnitude with the one quoted for
the measured MoS2 sheet nonlinearity in [13] and factor of 2.7 smaller than the one
provided by Merano [9] for MoS2. If we straightforwardly use solutions provided in [8]
(2 ) (in
and assume that the sample still has bulk refractive index [14] and nonlinearity χ 2D

units of m/V) the expression for estimate is:
χ 2(2D) = ρ

8π f (n′)

n (n + 1) Θ ζ
3

2

χ B(2 )

(2)

The above equation is an estimate for the second-order nonlinearity when the 2D
comparison layer is treated as a bulk-like system. In this approach, one must consider the
SHG process in bulk media under tight focusing conditions as well as the treatment of the
SHG problem in the single-layer sample.
In the formula above, f (n′) is a factor containing refractive indices of bulk WSe2
and is coming from solutions for the SH field [17], ζ -factor accounts for the interference
effects. Additional details are provided in Supplement [12]. This approach may cause
controversy and disagreement. We, however, we would like to provide an estimate just
for sake of comparing the material’s nonlinearity with the one of other bulk non85

(2 ) value is in the 932-1233 pm/V
centrosymmetric semiconductors. The estimated χ 2D

range for peak SH photon energy while the off-peak value is about 440 pm/V. The
values are comparable with the ones for well known non-centrosymmetric
semiconductors (GaAs, CdTe, ZnSe [15]) that are used in parametric devices and
frequency converters in the infrared [16]. Comprehensive theoretical treatment and
modeling of the second order nonlinearity is based on rigorous approaches outlined in
[17,18]. Here we will use an approach based on parabolic bands approximation,
accounting for Coulomb effects via exciton continuum states above bandgap in order to
estimate dispersion of the absolute value of χ (2) due to interband transitions first. The
expression for χ (2) along the electric field and induced dipole moment in x-direction can
be represented by [18]:
(2 ) (2ω ) = −
χ XXX

ie3
3

2m ω

∑k! ∑vcc′ M vc M cc′ M c′v Fv,c,c′ (ω )
X

3

X

X

(3)

Fcc′k (ω ) = Dcc′k (ω,2ω ) + Dcc′k (ω,−ω ) + Dcc′k (− ω,−2ω )
Dv,c,c′ (ω,2ω ) =

1
"
"
"
"
k − iγ cv k − 2!ω Ec′v k − iγ c′v k − !ω

(E ( )
cv

()

)( ( )

()

(4)

)

M vcX - factors represent momentum matrix elements for valence to conduction, conduction

()

!
!
to upper conduction band transitions, Ecv k is energy difference between bands, γ cv k is

()

the interband polarization dephasing rate. Equations (3) and (4) estimate trends and
(!)

features in 𝜒!! dispersion due to different contributions. Namely, neglecting exciton
effects and considering that primary contributions to the nonlinearity are due to interband
transitions between two fully occupied valence bands and empty conduction bands. We
have considered four parabolic energy bands near K-point of the Brillouin zone (BZ).

86

Those include two valence bands with split off energy difference of Δ SO = 0.52eV , with the
effective masses of mv = 0.52me , mso = 0.51me and two conduction bands with the
effective masses of mc = 0.53me , mc′ = 0.92me and energy difference at K-point

Δ cc′ = 1.79eV [6]. We have also considered momentum matrix elements and dephasing
rates are k-, and therefore energy, independent. The summation over k-states can be
replaced by integral over energy that couples the resonant denominator in Equation (4)
and joint density of states factor for the first conduction and top valence bands for

(

(

(

))

)

continuum excitons σ (Ecv ) ≈ 1 − exp − (13.6eV mR me (Ecv − Eg ))1 2 ; Ecv 〉 Eg . Figure
4.4 shows the results of our calculations when γ was set to 35 meV. It is important to
note that the nonlinearity is sensitive to a change of E g . This is shown by comparing two
simulations when E g is changed from 2.22 eV (green curve) to 2.15 eV (dash-dotted
curve). It is apparent that when the bandgap is set at ~ 2.2 eV, a better match with the
experimental data around the peak area is obtained. We believe that band nonparabolicity becomes critical to explain the experimental data at higher photon energies.
On the lower energy side, one finds that the rise in simulated χ (2) is noticeably sharper
when compared to our experimental data. The discrete exciton contributions can be
represented mainly by resonant factors that are similar to the term in Equation (4) with
peak energies En = E0 (n − 1 2)2 used instead of E (k ). There are at least two clearly
pronounced peaks in the experimental curve at photon energies of 2.64 eV and 2.69 eV.
The 50 meV energy difference matches well for n=2 and n=3 excitons when the binding
energy 4E0 = 0.71eV is assumed. Figure 4.4(b) shows total nonlinearity due to the
interband transitions and multiple exciton lines (n=1-5) below the first conduction band
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states. The best fit is obtained for the exciton binding energy of 0.71 eV while the
bandgap ( E g ) parameter was set at 2.22 eV. The obtained value for the bandgap matches
well with the ones reported in [5,6]. Exciton binding energy obtained from our data is
also in close agreement with the value of 0.6±0.2 eV reported by Wang et al. [5].
In conclusion, we have demonstrated precise measurements of the second order
nonlinearity in atomically thin layer of semiconducting material within broad range of
photon energies. Using ultra-broadband continuum pulses, we were able to detect fine
features in the χ (2) dispersion with high spectral resolution (<3 meV). The nonlinearity
onset is primarily due to monolayer WSe2 states that couple valence bands, excitonic
levels and the continuum states above the first conduction band. Using our data, we
estimate peak nonlinearity range for a sheet of WSe2 at 6.3-8.4×10-19 m2/V and 932-1233
pm/V if we assume the existence of bulk properties. We also obtained from our data the
room temperature bandgap and exciton binding energy that are estimated at 2.2 eV and
0.7 eV correspondingly. Our results show that the experimental χ (2) dispersion data
provide clear resolution of the near band-gap exciton states that are not clearly detected in
linear spectroscopy methods.
Funding was provided by the National Science Foundation (NSF) (DBI-1355307) and
University of Rhode Island start-up funds.
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Figure 4.1: (a) Photon diagram SHG process in monolayer semiconductor. (b) Setup:
ISO-optical isolator, PCF –photonic crystal fiber, DCM- dichroic mirror, OBJ-high
numerical aperture objective lens, SPF-short pass filter. Broadband near-IR pulse derived
from femtosecond continuum serves as fundamental beam. Spectra of the generated
second harmonic pulses carrying resonant features are analyzed. (c) Fundamental spectra.

Figure 4.2: (a) SHG image of a single layer WSe2 flake. Lower left corner of the sample
contains three WSe2 layers and therefore show four times smaller signal. (b)
Photoluminescence data obtained from the flake when it was excited by 532 nm
continuous wave beam, (c) detected second harmonic beam power versus power of the
fundamental beam, (d) SHG signal change across the image along the dashed line.
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Figure 4.3: (a) Second harmonic signal spectrum ( P22 D ) detected from monolayer part of
WSe2 sample (blue), relative transmission ( Tω ) of the optical system versus wavelength
(cyan), calculated enhancement factor ζ (black dash); (b) resulting absolute value of the
second order nonlinearity ( χ (2) ) obtained by power relationship (blue curve) and the
comparative method using KTP crystal (red curve).

(2 ) versus SH photon energy (black curve). Green solid
Figure 4.4: (a) Normalized χ 2D
(2 ) calculations for E =2.21eV while changing the parameter to
curve is the result of χ 2D
g
(2 ) dispersion (black
2.15eV results in the blue dash-dotted curve. (b) Experimental χ 2D
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line) and result of calculations accounting for contributions due to exciton states with
energies E n below the bandgap. Colored (dashed) lines show contributions to the
nonlinearity from broadened ( Δν n = 35 − 42meV ) exciton lines with the main quantum
numbers n=2-5.
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APPENDIX A.

SOURCES OF LIGHT AND SUPERCONTINUUM GENERATION

A.1.

Pump laser and seed DBR laser

In the SBS laser experiment there were two different light sources. The first of
which was a 5W 14 pin cooled multimode pump laser diode (EM4). This laser diode had
a center wavelength of 976 nm, was fiber coupled with a fiber NA of 0.22 and cladding
pumped the Yb-fiber in the laser cavity. A laser diode is an electrically pumped
semiconductor laser in which a current-carrying p-n junction acts as a gain medium. This
type of laser is ideal for several applications where brightness is essential.
The second type of light source in this experiment was a 1064nm 14 pin DBR
laser (EM4). This model had a 150mW output power and a laser linewidth of 10 MHz. It
contains a cooler, thermistor and monitor detector. A distributed Bragg reflector (DBR)
is an InGaAs quantum well laser diode and is ideal in applications where mode stability,
low RIN and stable PM properties are needed. We used this laser as a seeder for our
fiber laser injection setup.

A.2. Mode-locked Ti:sapphire laser
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The primary laser source used in the CARS experiments was the mode-locked
Ti:sapphire ultrafast laser (Mira-HP, Coherent) which was tunable from 700 to 1000 nm
and had an output power of ~3-3.7 mW. The mode-locked laser was pumped by a green
laser with output power 17 W and a repetition rate (frequency) of 76 MHz. The pulsed
output light is passed through a two-cavity prism to compensate the pulse. The majority
of the beam is split into two equal parts and synchronously pump the two optical
parametric oscillators (OPO) and the remainder of the laser emission is used as the probe
pulsed light for the coherent anti-Stokes Raman spectroscopy (CARS) experiments.

A.3. Optical parametric oscillators (OPO)

Two OPOs were used simultaneously in the aforementioned publications. The
first OPO setup involves an optical resonator containing a stoichiometric lithium tantalite
(PPSLT) nonlinear crystal as a nonlinear gain media. The nonlinear crystal allows for
quasi-phase matching condition. The OPO generates parametric oscillation at the near-IR
pump wavelengths for both continuous wave (CW) and pulsed mode. The nonlinear
crystal has 1 mm width, 0.5 mm thickness and 15 mm length. The grating period is
varied from 17.5 to 24.8 µm with 0.6 µm differences between consecutive periods. The
pump power, delivered by the TiS mode-locked laser, was 1.15 mW and was focused
onto the nonlinear crystal by a 76 mm focal length lens. The OPO cavity consists of two
concave mirrors and three parallel substrate mirrors. A pair of Brewster cut angle prisms
was used to compensate for the dispersion. The optimal distance between prisms (apex to
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apex), which generates short pulses within the tuning range 960 – 1050 nm, was found to
be 280 mm. The pulse characteristics are shown in Figure A.1.
The second OPO is based on a periodically pooled lithium niobate (PPLN)
nonlinear crystal with a similar setup as the first OPO. This OPO is capable of
generating wavelengths ranging from 1050 to 1100 nm.

A.4. Supercontinuum generation

The broadband continuum pulses needed for the SHG setup are a result of the
generation of the supercontinuum from a photonics crystal fiber (PCF). Supercontinuum
generation produces ultra-broadband optical spectrum when pumped by a high-power
laser source. In our experimental configuration, the pump laser source is composed of
femtosecond pulses. A photonic crystal, with core diameter 1.2 µm and zero group
dispersion at 750 nm, was used in order to produce broadband (450 – 1150 nm)
continuum. A characteristic spectrum is given in Figure A.2.
The PCF was installed on an XYZ stage (466A XYZ fixture, Newport Corp.),
aligning the PCF marked polarization with the polarization of the Ti:sapphire beam. This
alignment was completed with the use of a half-wave plate on a rotating mount to change
the linear polarization angle and a Glan-Thompson polarizer to make sure the input
polarization was vertical. The XYZ stage incorporated a 40x microscopic objective lens
to effectively couple light into the fiber. The input power into the PCF did not exceed 50
mW in order to avoid damaging the fiber during the light coupling adjustments. Once the
continuum pulse was successfully observed, the input power was increased to 100 mW
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and the translational stage and steering mirrors were tuned to optimize the effect. At this
time, an objective lens (20x, Newport Corp.) was installed and adjusted to collimate the
output beam. It is important to note that the properties of the generated continuum pulses
are defined by the amount of coupled power rather than the coupling frequency. The
supercontinuum generation setup is shown in Figure A.3.
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Figure A.1: OPO output pulse characteristics: (a) shows OPO pulse spectra obtained
throughout available tuning range for the OPO. (b) (c) Shows typical pulse
autocorrelations for signal (b) and idler (c) beams. (d) Shows idler pulse spectrum at ~4.5
µm while OPO can still deliver ~50 mW of average power in idler branch.
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Figure A.2: The characteristic curve of a broadband pulse generated by PCF: (a)
Fundamental pulse of TiS at 750 nm. (b) The output broadband pulse when the 750 nm
pulse with energy 150 mW passes through PCF.

Figure A.3: Actual setup configuration for the supercontinuum generation setup.
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APPENDIX B.

EXPERIMENTAL TECHNIQUES AND PROCEDURES

B.1.

Chapter 4 Supplement

The electric field for the incident beam at fundamental frequency is represented by the
following expression:

E1 =

E01 iωt −iωt
(e + e )
2

(1)

In this equation, we have used the SI system of units. The intensity is then written as:

1
2
I1 = ε 0 c E01
2
−

E01 (x, y) = E0 e

x 2 +y 2
w02

(2)

The second harmonic pulse peak power generated in bulk crystal under tight Gaussian
focusing conditions can be represented by the expression that follows from formula
(2.58) under (2.99) (p.3609 Ref. [11]):
P2 =

2
8πω12 1
deff P12
3
2
ε 0 c n2 Θ

n2 – refractive index at SH frequency, Q - numerical aperture of the microscope
objective. Given the fact that the incident and SH beams are partially reflected off the
entrance and exit facets correspondingly, we write:
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(3)

4

2

2⎛ 2 ⎞ ⎛
8πω 2 1
2 ⎞ 2
2
P = 3 1 2 χ( ) ⎜
⎟ ⎜
⎟ Pω
ε 0 c n2 Θ
⎝ n1 +1 ⎠ ⎝ n2 +1 ⎠
B
2ω

6

2
8πω 2 ⎛ 2 ⎞ 1
2
≅ 31 ⎜
⎟ 2 deff P1
ε 0 c n ⎝ n +1 ⎠ Θ

(4)

We have neglected the dispersion in the crystal (i.e. n2≈n1=n) in order to arrive at
Equation (4). Also, we have used w0≈l/pQ for high NA objective.
The solution for the SH field in the 2D layer and the corresponding intensity (I2)
can be obtained by using Equation (12) in Ref. [9]. Both beams (SH and the
fundamental) have the Gaussian spatial distribution and the field’s amplitude can be
represented via fundamental pulse peak power using:
2

−1

2
P22 D = ( 2 ) n2ε 0 cζ 2 ∫ E01
(x, y) dxdy

(5)

and
2

E0 =

4 P1
πε 0 cw02

(6)

The latter relationship is obtained by integrating Equation (2) over space. The complex
factor represented by:
2

ζ = (1+ rω ) (1+ r2ω )

(7)

accounts for the interference effect in the two-layered substrate for both fundamental and
SH beams [9,10].
Following the solution for the electric field at SH generated in 2D material [9] and
taking into account Equations (5) and (6), the peak power at SH frequency (P22D ) is:

P 22 D=

2P12 k12 χ (

2)

2

2

(1+ rω ) (1+ r2ω )

2
1

2
0

n πε 0 cw
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2

(8)

Then, the ratio (ρ) of the two peak powers (2D sheet/bulk) is:

ρ=

6

2D
2

P
=
P2ω

ζ 2 n ( n +1) Θ2 χ 2( D)
2

256π 2 w02 deff

2

(9)

2

And

χ 2(2)D =

16 λ ρ

ζ ( n +1)

3

nΘ2

deff

(10)

This equation is represented as Equation (2) in the manuscript. It is worth noting that in
(2)
Equation (10), χ 2 D sheet second order nonlinearity is measured in m2/V.
(2)
The following work corresponds to the estimate for the nonlinearity χ 2 D [m/V],

when the 2D layer is treated as bulk-like system. For a nonlinear interface, the solution
for the electric field at SH frequency is given [8] by:

−4P ( )ζ1'
2

E2 =

ε 0 ( n2 +1) ( n2 + n1 ) ( n1 +1)

2

(11)

n2, n1 stand for the refractive indices (at SH and fundamental frequencies, respectively) of
the bulk-like WSe2 thin layer material with the actual numerical values for different
wavelengths (optical frequencies) provided in [14]. Furthermore, we write:
P ( ) = ε 0 χ 2( D) ' E12

(12)

ζ1 ' ≅ 1+ r23 (1− rW )(1− rW ')e−i2φ

(13)

⎛ n − n2 ⎞
⎛ n −1 ⎞
n3 − n 2
;rW = ⎜ 2 ⎟;rW ' = ⎜ 2
⎟
n3 + n 2
⎝ n2 +1 ⎠
⎝ n2 + n 2 ⎠

(14)

2π
n 2t
λ2

(15)

2

r23 =

φ=

2
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n 2 , n 3 – refractive indices of SiO2 (subscript 2) and Si (subscript 3) at SH freq, tthickness of SiO2 layer.
2

P22 D' =

2

32 χ 2( D) ' P12 ζ1 '

2

(16)

πε 0 cw02 f ( nʹ)

f ( nʹ) = ( n2 +1) ( n2 + n1 ) ( n1 +1)

2

(17)

Dividing P22D (Equation (16)) into P2 (Equation (4)) yields:

χ 2( D) = ρ
2

B.2.

8π f ( nʹ)
3

2

n ( n +1) Θ ζ

χ B(2)

(18)

Seeded SBS Q-switched fiber laser based on SBS procedure

There were four different procedural components in this setup: the SBS laser
operation procedure, the injection waveform generation procedure, the injection/fiber
core coupling procedure and the procedure for running the experiment itself. In the SBS
laser operation procedure the fiber position first needed to be optimized. This was done
by free-space coupling the multi-mode pump laser through an aspheric lens and into the
core and inner cladding of the active fiber. The fiber end and the aspheric lens were
positioned on an XYZ translational stage controlled by three spatial micrometers and had
a rotating fiber holder used to match the vertical polarization of the injected light mode
with the PANDA fiber slow-axis (see Figure B.1). The pump laser diode was initially set
to have a low current (400 mA) and a power meter was put on the opposite side of the
fiber measuring how much pump light was propagating through the fiber. The
micrometers were adjusted until the power meter measured the maximum throughput
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power. Because the active fiber was double-clad fiber, the pump light didn’t have to
couple into the narrow fiber core. Instead, the pump light was coupled into the inner
cladding waveguide (125µm diameter) and upon contact with the ytterbium ions in the
doped single-mode core, the light was almost immediately absorbed creating population
inversion in the active fiber. Cladding-pumping is a critical property of high-power fiber
lasers and amplifiers and is shown schematically in Figure B.2 (a). A relevant property
of double-clad fiber is that if the fiber termination is perpendicularly cleaved, 4% Fresnel
reflection of the outgoing beam will act as feedback into the single-mode fiber core but if
the fiber termination is angle cleaved (typically less than 10 degrees) the reflection will
propagate into the inner cladding and not back into the fiber core. This property is
illustrated in Figure B.2 (b). If an HR mirror or a partially reflecting mirror is used in the
cavity configuration, a power meter is setup after the dichroic mirror, the pump laser
current is increased to a current large enough to generate lasing but not large enough to
initiate SBS pulsing (typically approximately1000mA) and the mirror is tuned until the
maximum output power is measured. The XYZ translational stage holding an aspheric
lens in front of the fiber-coupled fast photodetector is then tuned to see the laser traces on
the oscilloscope.
Once the SBS laser has been optimized, the injection components need to be
setup. First, the seed DBR laser is turned on with a moderately high current (220mA) and
the emitted light is free-space coupled into the input fiber of the Mach-Zehnder
modulator. This input light coupling is optimized with micrometers until a power meter
registers a maximum amount of power exiting the modulator output fiber. The modulator
had to then warm up for a half-hour or else the exiting light power would drift. Once
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warmed up, the Mach-Zehnder modulator could operate properly without any drift
detected. The arbitrary function generator drove the RF signal into the modulator
generating the waveform and the DC bias voltage applied to the modulator was at the
quadrature (half max) point for proper waveform injection generation (see Figure B.3).
The output fiber is connected to a fiber-collimator and then the collimator is rotated in its
mount to assure that the exiting light is vertically polarized. A two-lens system was
constructed with a moving translational stage under the far lens to narrow to the beam
waist. This light then reflected off of a two-mirror system to direct the beam path and
couple as much optical power possible through the free-space isolator. As the injection
light exits the isolator and passes through the 50/50 beamsplitter, the beam path is tuned
slightly to make the light incident on a photodetector.
In order to effectively couple the injection light into the fiber core (and not the
inner cladding), we first setup and tuned a diffraction grating as the cavity back mirror in
the Littrow configuration. Tuning the grating required injecting CW light of 1064 nm
wavelength and adjusting the angles of the grating until the output power after the 50/50
beamsplitter was at a maximum level. The grating configuration is schematically depicted
in Figure B.4. Once the grating was configured, the injection light beampath and the
laser output beampath were overlapped by having both beams pass through two irises
separated by approximately two feet of open table space. The pump laser was set to a
low current which would generate somewhat inverted fiber but not strong enough to
initiate lasing and a 10 kHz sine wave was injected into the fiber. The reflected amplified
sine wave was then measured by the fast photodetector and the oscilloscope. The
beamsplitter and other mirrors were tuned in order to generate the most amplified sine
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wave on the oscilloscope as possible and then the pump current was adjusted lower until
the sine wave was no longer visible to show that the injection successfully passes through
the fiber core and not passing through the inner cladding which would not show an
amplification property with the varying pump laser current.
Once the injection waveform light was successfully coupled into the fiber core,
we could run the experiment. The SBS laser output was blocked and the pump current
was set to its maximum current used in the experiment (typically 3.6A to 4A) and the
laser warmed up for 10 minutes before any measurements were taken. After this time,
the injection light was blocked and the SBS laser was unblocked and free-running SBS
oscilloscope traces were recorded. The injection was then unblocked and the SBS laser
output was then measured on the oscilloscope, on the optical spectrum analyzer and the
power meter. Typical pulse trains and individual SBS pulses were both measured in this
fashion.

B.3.

Coherent anti-Stokes Raman spectroscopy (CARS) procedure

In the CARS procedure, two coherent light beams with frequencies ω1 and ω2 can
be used to drive a Raman vibrational mode at frequency ωR = ω1 – ω2. The two beams
are overlapped in time and space to effectively generate this effect. A third pulse of
frequency ω3 with a variable time delay is then injected into the Raman excited medium
generating a CARS signal with an up-shifted, anti-Stokes frequency ω3 + ωR. The
experimental configuration is shown in Figure B.5. The two pulses needed to coherently
drive lattice vibrations within a sample’s volume were provided by synchronously
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pumped OPOs running at 76 MHz. The OPOs were pumped by a split-output highpower mode-locked Ti:sapphire oscillator tuned to 765 nm and had output frequencies in
the ranges of 970 – 1020 nm and 1050 – 1100 nm. The third pulse was a lower intensity
probe pulse that consisted of a small portion of the mode-locked laser and had a variable
time delay. These three pulses were intrinsically synchronized and focused by a high
numerical aperture (NA ~ 1.25) objective lens. An image of the actual CARS setup is
shown in Figure B.6.
The CARS measurement technique used a high numerical aperture (NA ~ 0.9)
condenser (Olympus, model UplanSApo-60x/1.20 W IR) followed by a diffraction
grating and a set of bandpass filters. This equipment allowed for the efficient detection
of the signal of interest on the background of other signal light generated within the focal
volume. A photomultiplier tube (PMT) with high gain and quantum efficiency
(Hamamatsu, model R10699) was used to detect anti-Stokes signal photons at selected
wavelengths and the PMT current output was digitized by a high-speed data acquisition
card (DAQ, model NI-6361). Using this experimental arrangement, we can routinely
detect CARS signal versus probe pulse delay times within five decades. An image of the
signal detection system for the CARS procedure is shown in Figure B.7.
Special attention had to be paid to making an initial zero time delay for the CARS
signal whereby the three light sources had spatial and temporal overlap. In this effort,
two irises were placed after the dichroic mirror and the beams were guided through the
center of both irises. To setup the correct timing between the beam overlap, the optical
path lengths of each beam was first measured taking care to include the thickness of any
optic along the beam path and the translational stages for the delay line.
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The method of finding the zero-delay point involved the use of a Beta-Barium
Borate (BBO) nonlinear optical crystal to observe the sum frequency generation (SFG)
signal resulting from the overlap of the input beams. Initially, both OPOs were blocked
and the Ti:sapphire laser was focused through the BBO crystal. Then, the crystal was
vertically rotated and the output light was the wavelength corresponding to the color
purple and the crystal was slightly rotated to optimize the signal. Once this has been
accomplished, the Ti:sapphire light was blocked and the two OPOs were unblocked. The
crystal is then rotated displaying two light beams resulting from the second harmonic
signals of the OPOs at two different crystal positions. The crystal position is then set
between the two second harmonic signal spots. The mirror on the translational stage was
moved backward and forward in order to detect a mixing signal. If one of the OPOs is
blocked, the signal disappears. This implies that there is zero time delay for the two
OPOs. At this point, one OPO is blocked and the Ti:sapphire light is unblocked. The
same procedure as was used for the alignment of the two OPOs was employed to line up
the Ti:sapphire and either OPO light. At this point, the three beams are in zero time
delay. To test this outcome, if we block one of the OPO light sources one of the output
spots will disappear and if the other OPO is blocked, the other spot will disappear.
During this procedure, the power of OPO-1 was set at 56 mW and 200 mW for OPO-2
thus yielding a combined power of 256 mW after DCM1.

B.4.

Second harmonic generation (SHG) microspectroscopy procedure
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SHG is the nonlinear process where an input wave composed of a short optical
pulse with frequency ω passes through a nonlinear material lacking inversion symmetry
and generates a pulse wave with twice the initial optical frequency 2ω. SHG is also
known as frequency doubling and is a special type of the nonlinear process sum
frequency generation (SFG). A schematic diagram of SHG is given in Figure B.8.
The experimental setup used in the SHG microspectroscopy procedure employed
a high-repetition rate femtosecond Ti:sapphire laser with a central wavelength tuned to
750 nm. This light was coupled into a photonic crystal fiber (PCF) with a core diameter
of 1.2 µm utilized a 40x objective lens (NA = 0.75) to generate a spectrally stable
continuum in the range of ~450 nm to ~1200 nm (UV to IR light spectrum) with a total
power of approximately 45 mW. The power of the incident beam coupled into the PCF
was approximately 100 mW. The generated continuum was dispersed by a pair of prisms
and then a portion of the spectrum, having a fairly smooth envelope in the wavelength
range of interest, was selected as the fundamental beam. The beam was angle scanned
with a scanning area of approximately 200x200 µm2 in the image plain of the objective.
Samples in this procedure were positioned using a micrometer driven translational stage.
A schematic diagram of the SHG experimental setup is shown in Figure 4.1 in Chapter 4.
The SHG microspectroscopy measurement procedure began with taking the
spectral and power measurements of the incoming fundamental beam before the
objective. This was done with a power meter and an optical spectrum analyzer (Anritsu,
model MS 9710C). After these measurements, the second-harmonic signal from the
sample was collected through the same objective in the backward direction and filtered
out with a dichroic mirror and shortpass filter (SPF) before entering a calibrated grating

109

monochromator (Horiba, iHR320). The monochromator had a cooled, sensitive CCD
detector (Horiba, model Syncerity-356399). The SHG signal beam was additionally sent
to a photomultiplier tube (PMT) to enable imaging of the sample. Data acquisition was
performed using a data acquisition card as well as with the monochromator’s USB
interface. Both experimental components were controlled with the LabVIEW interface
software.
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Figure B.1: Typical cross-sectional geometry of a PANDA fiber. The core is a singlemode waveguide and the inner cladding is multi-mode waveguide. The stress induced
birefringence (dark blue) allows for polarization maintaining properties for linearly
polarized light aligned with the slow-axis.
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Figure B.2: Schematic diagram of cladding-pumping. (a) Pump light propagates through
multi-mode inner cladding waveguide and is absorbed by Yb ions upon contact
increasing population inversion. (b) Light reflection in double-clad fiber at a
perpendicular fiber termination and at an angled fiber termination. Incident light is in
solid red and reflected light dotted red.

Figure B.3: Schematic diagram of a Mach-Zehnder modulator. Seed DBR laser light
(red) enters modulator, the waveguide splits into to two paths and recombined onto an
output waveguide generating intensity modulation at output. Generated waveguide
(orange) driven by arbitrary function generator and DC bias voltage at quadrature point.
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Figure B.4: Schematic diagram of the grating in the Littrow configuration. Free-running
lasing mode at 1072nm (red) are incident on the grating and the reflection (dotted red) are
scattered and not spectrally selected to propagate back into the active fiber. The seeded
mode at 1064nm (orange) is reflected back off of the grating and tuned to propagate back
into the fiber (dotted orange).
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Figure B.5: Schematic of experimental CARS setup. ISO: isolator; WP: wave plate; GT:
Glan-Thompson polarizer; BS: beamsplitter; HR: high reflector mirror; M: mirror; CR:
crystal; OC: output coupler; DCM: dichroic mirror.

Figure B.6: Image of actual CARS experimental setup.
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Figure B.7: Schematic diagram of image/data acquisition system. GR: grating; OBJ:
objective; CC: corner cube; CL: collimating lens; BP: bandpass filter

Figure B.8: Schematic diagram of a SHG process. An incident pump pulse (solid red)
with optical frequency ω passes through a nonlinear crystal generating forward- and
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backward-propagating light (dotted blue) with frequency doubled 2ω and residual pump
light (dotted red).
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